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Transport spin polarization in SrRuO 3 measured through point-contact Andreev reflection
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We report a study in which Andreev reflection using a Nb point contact is used to measure the transport spin
polarization of the 4 itinerant ferromagnet SrRuQn the ballistic limit of transport. The degree of transport
spin polarization is comparable to that of the hole-doped rare-earth manganites. We conclude that the large
transport spin polarization results mainly from a difference in the Fermi velocities between the majority- and
minority-spin channels in this material.
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Metallic oxide ferromagnets have been a field of greatN; vinox), Wherek is the wave vector on the Fermi sur-
interest since the discovery of colossal magnetoresistance fce n is the direction of the current flow, and the average is
doped rare-earth manganife§ Though the initial interest taken over the Fermi surface. This quantity can be easily
was triggered by the phenomenon of colossal magnetoresiggen to be proportional 18, the area of projection of the
tance, it was soon realized that the large degree of Spin PGt hand with spine on the interface plane. Summing over

Iarizati_on obse_rved in many of these oxides also made thergn the bands, the total flux of carriers with spiris given by
potential candidates to explore novel forms of electronics‘S

o e St oo s S <o e ot e s i
used®*° Towards this end, ferromagnetic tunnel junctions plane. pin p J

exhibiting both large positive and negative magnetoresis_gu"_ent’ commonly known as the transport spin polarization,
tance using ferromagnetic oxides have already beet? 91VEN byP‘:_[(ST“_Si.”)/(ST”+Si!‘).]' Pi=~P, only in an
fabricatec® Another field of great interest has been the effectiSOtroPIC Fermi surface if the velocities of the up and down
of spin injection on the critical current of superconductors. InSPINS are equal. Knowledge & is directly relevant in in-
this class of experiments, spin-polarized carriers from an oxt€rPreting results in experiments involving the transport of
ide ferromagnet are typically injected intodawave super- spin-polarized carriers from a ferromagnet across an inter-
conductor such as YB&wO, while the suppression in criti- face.
cal current of the superconductor is measured. While the The 4d itinerant ferromagnet SrRuQis an interesting
ability to grow epitaxial superconducting layers on many ofmaterial to explore from this point of view. SrRyGtabi-
the perovskite oxide ferromagnets makes them attractivéizes in an orthorhombically distorted perovskite structare
sources of spin-polarized electrons for these experimentsyb~c/v2. It orders ferromagneticalfybelow 160 K and
quantitative interpretation of the data is crucially dependenhas a saturation moment of kg, which is so far the largest
on prior knowledge of the degree of spin polarization of theknown in any 4l ferromagnef SrRuQ; is thus close to a
injected carriers across the ferromagnet/superconductor ifalf metal though the spin polarization at the Fermi level has
terface. This can, however, be difficult to calculate, sincebeen predicted to be in the range=0.091-0.21° The
most perovskite oxide ferromagnets have complicated banBermi velocity of the minority-spin carrier band has, how-
structures with several bands crossing the Fermi surface, areyer, been predicted to be 2—-3 times larger than the majority
further Fermi surface fragmentation often results from subtldand. This should give rise to a large negative transport spin
crystalline distortions. It is therefore important to measurepolarization. In the family of oxide ferromagnets, the main
the degree of spin polarization in these materials experimerattraction of SrRu@ stems from the fact that it is a “clean”
tally. system without any substitutional disorder. This, combined
The spin polarization in a ferromagnet is normally definedwith the ability to grow very-high-quality single-crystalline
as P=[N;(Ef)— N (ER)J/[N;(EF)+N (EF)], where films makes it possible to realize large mean free paths (
N;(Eg) [N (Ep)] is the density of state§DOS) of up ~ ~500A) in clean sampleS.The clean ballistic limit which
[down] spins at the Fermi level. This quantity is not, how- is often difficult to attain in doped systems like hole-doped
ever, very useful in transport experiments where the polarrare-earth manganites can therefore be reached in a point-
ization of the injected current depends on the difference ircontact experiment in this system.
the total flux of spin-up and spin-down electrons which de- In this paper we report the transport spin polarization in
pends both on the DOS and Fermi velocities of the up an®rRuQ, from Andreev reflectiotf data using a Nb point con-
down electrons. In a ballistic point-contact experiment,tact in the ballistic limit. The two filmg~2000 A used in
where the electron is allowed to flow from the ferromagnetthis study were grown in a way similar to the films used
to another metal/superconductor through an orifice smalleearlier for quantum oscillations studi€sConductance ver-
than the mean free path of the carriéys the net flux of the  sus voltage G-V) characteristics of the Nb-SrRy(oint
carriers with spino from a particular band is given by  contact were measured in the temperature range 2.6—4.2 K
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Tinkham-Klapwijk™® (BTK) scheme, where the total current
is decomposed into an unpolarized component and a fully
polarized componertf!” There has been some controversy
in the existing literature regarding the exact form of the re-
flection and transmission coefficients to be used for the
analysis'® We are of the opinion that the approach of Ref. 16
is the correct one and use it in our work. For the sake of
completeness we briefly outline the model here. We consider
the total current across our point contact to be made of an
unpolarized component and a fully polarized component. In
the model developed by BTK the currdhkis given terms of

the Andreev reflection probabilith(E) and the normal re-
flection probabilityB(E) of an incident electron on the fer-

8 %5 4 2 0 2 4 6 romagnet superconductor interface as

V(mV)
FIG. 1. (a, b RepresentativeG(V)/Gy vs V plots for the

SrRuGQ;/Nb point contact measured at 4.2 K 8t ; (c, d) the same

for S2. The solid lines are the fits to the BTK model. The measured

value of P, decreases from the intrinsic value for dirtier contacts,

i.e., largerZ

|o<NUF£O [f(E—eV,T)—f(E,T)][1+A(E)—B(E)]dE

:Nl}pll.

2

HereN is the density of states in the ferromagnet anpdis

- s , the Fermi velocity. The coefficien&(E) andB(E) are dif-
by dipping the sample and tip in liquid He and pumping OVertg e for the unpolarized current and the fully polarized cur-

the He bath. The Nb tip was fabricated either through eleCtant. Since in a typical Andreev spectrum the normalized
trochemical etching of Nb wire in potassium hydroxide SO-conductance G(V)/Gy [=(dI/dV)/(dI/dV)eyes] as a
lution or by mechanically polishing the tip. No significant ¢,nction of voltage is fitted, it is enough to evaluate the in-
qmerence was observgd .between the_ two different kinds Ofegral I” without considering the prefactddve explicitly.
tips. TheG-V characteristics of the point contact were mea-gq. ihe unpolarized case BTK solved the Bogoliubov—de

sured directly using a modulation technique and averagegenned! (BdG) equations at the interface to find the coeffi-
over ten sweeps for eveig-V curve. cientsA(E) andB(E). An incident particle on the interface

The residual resistivities of the two films used in this . oikx
study were 6.8l cm (S1) and 5.6u{) cm (S2). Estimat- (atx=0) given byWiy.=(, ) produces a reflected compo-

. . . —IKX 0 .
ing the electronic mean free path corresponding to these nent W o= b(3 )+a(uk) and a transmitted component
values is not trivial, but evidence from previous studfi¢d W o C(SZ)eiquijd(ﬁZ)e*iqu, Hereu® andy* are obtained

suggests values of several hundred angstroms. The diame{gg ., the solution of the BdG equation in the superconduct-
of the point contac{d) can be estimated from the normal- (US)z:1_(03)2:(1/2)[1+{(E2_Az)/E2}1/z]_ The

state resistanceRy) of the point contact using the approxi- firét and second terms M, correspond to the normal and

mate formula given by Wexef, Andreev reflection processes, respectively. The coefficients
4 pl p a, b, ¢, andd are calculated from the boundary conditions

Rv=3,q2 " 2d°

wherep is the resistivity of the sample. For the cleanest point
contacts on botlsl andS2, Ry~ 12 ). This corresponds to
d~100 A. Thus we expect our measurements of transport
spin polarization to be well in the ballistic limitd&1) of the
point contact. An additional point to note is that the absolutevhere ¥ ,(X) =W ,(X) + W ie(X) and Wy(X) =V and X) are
resistance of both the films below 10 K wa®.5Q. Corre-  the wave functions inside the normal metal and supercon-
spondingly, only point contacts with point-contact resistanceductor, respectively. The interfacial scattering at the
larger than 10() were analyzed, to avoid any significant ferromagnet/superconductor interfa@egiginating both from
voltage contribution to the point-contact spectra from theinterfacial scattering from an imperfect junction such as an
voltage drop in the sample. oxide barrier and from the mismatch in the Fermi energies
In Figs. 1a)—1(d) we show four representative plots of between the metal and superconduthoris simulated
the normalized conductance versus voltage of thehrough as-function potential of the fornvy(x)=V,8(x) at
Nb-SrRuQ@ point contact taken at 4.2 K. The different spec- the interface. The coefficients(E) andB(E) correspond to
tra were recorded by engaging the point contact several timebe probability currents associated with the Andreev and nor-
on the films. These point contacts differ in the value of themal reflection processes and are givenA\E)=a*a and
scattering barrier at the interface between the ferromagnd@3(E)=b*b. In the fully polarized scenario, the allowéd
and superconductor, which depends on the microscopigectors are only in one spin direction and the Andreev-
details of the interface. To analyze tli&V characteristic reflected hole cannot propagate since it has a spin opposite to
of the point contact we use a modified Blonder-the incident electron. Therefore the Andreev-reflected com-

D
(i) ¥n(x=0)=¥4x=0),

. 2mVy
(i) Wi(x=0)=W}(x=0)= —5 ¥ (x=0),
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TABLE I. The coefficients AE) and BE) corresponding to the value for P, though their residual resistances are different is
polarized and unpolarized caseg.={[(u%)*~ (v)?1Z*+(u)??  important. Mazinet al*® have pointed out that in the diffu-
Z=Volhve and e=[(E’~A?)/E?]. The subscriptsu and p  sjve limit of a point contactds1) the transport spin polar-
?ssnpoéiti:/r;ely.coefﬂuents for the unpolarized and polarized currenﬁ;z—anon2 is given by Pti(<NTUl2:T>_<vaéi>)/(<NTUET>

<NlUFT>) instead OfPt— (<NTU FT> - <NlU Fl>)/(<NTU FT>
+(N,vg;)). Since these two quantities are normally differ-

E<A E-4 ent for a ferromagnet in a borderline case, whkal, one
(A/EY? (U9 can see a systematic change in the measured valBe, ais
Au(E) 1 a1+ 22272 7 a function of sample disordét.The unique value of the spin
o2 02122 > polarization obtained for both films confirms that our mea-
B.(E) 1-A(E) LY T2 A+2) surements are well in the ballistic limid&l) of the point
7 contact. As a further check on our experiment and data
Ap(E) 0 0 analysis procedure, we studied the temperature dependence
(e2-1)°+47% for the point contact with lowesZ on S1. As expected, the
Bo(E) 1 (/24 1)2+47% extracted values oP; (=0.48+0.02) extracted from the
spectra are constant within error bars over this temperature
range.

It is interesting to note that the value Bf measured in

ponent gives rise to an evanescent wave. In this case tH8is study is much larger than the S%@ polarizat@rpre-
. Zik i i
reflected component is given by .=b(S i X)+a(2kx). dicted from band structure calculations. Though the two

where is inversely proportional to the decay length of the band structure calculations so far published on this com-

evanescent wave. The evanescent wave does not carry aﬁﬁ}und differ in their detail, the predicted value 8f is
current soA(E)=0. B(E)=Db*b can be calculated using small: P=0.091 (Ref. 10 and P=0.2 (Ref. 9, respec-

~/, . tively. The large value oP, compared to the value of the
the same boundary conditions as before. In Table | we list thg in volarizationP oredicted from band structure calcula-
A(E) andB(E) for the polarized and unpolarized cases as-, pin p b

g : - tions suggests that the large transport spin polarization origi-
16 R
suming x—ce. qu an a}rbnrary transport polarizati nates primarily from a difference in the Fermi velocities of
the total current will be given by

minority- and majority-spin bands. This is also in agree-
I=1,(1—P)+1,P 3) ment with both band structure calculations which predict the
u t pFts . . . . - .
average Fermi velocity of the carriers in the majority-spin
wherel, andl, are given by Eq(1) using the unpolarized pand to be smaller by a factor of 2—3 than those in the
and polarizedA(E) andB(E) coefficients, respectively. The minority-spin band.
experimental point-contact spectra are fit{slid line in In this context it is also interesting to compare our results
Figs. 1a)—-1(d)] with the strength of the scattering barri&r, with the spin polarization measured by Worledge and Ge-
(=Vo/fivg), the transport spin polarizatio®,, and the su- palle using the Meservey-Tedrow technidewithin a
perconducting energy gap as fitting parameter®. We be-  simple model the spin polarization measured with this tech-
lieve that the difference between the fitted valuea dér the  njque is similar to that given by Andreev reflection in the
point contacts orS1 and S2 arises from variation in the diffusive limit. The main advantage of this technique over
quality of tips produced by our tip fabrication process. Note,
however, the consistency of the value fitted from different . . . . . .
spectra using the same tip and tka$ expectednone of the
values exceed that of bulk Nb. The value Bf extracted
from the fits decreases with increasiizg the scattering
strength at the interface. This behavior has been observec 0.41

0.6

earlier in iron, cobalt, and nickel films as well as Grand in
manganites’?! It is believed to be due to the spin mixing O~ 0sl |
effect at the magnetically disordered scattering barrier 03l i
formed at the interface€:>® Andreev reflection therefore e
provides a lower bound on the transport spin polarization. 0g v

In order to extract the intrinsic spin polarization we plot 0.2} 4 28 %-(ZK) 36 40 |
(Fig. 20 P, as a function ofZ obtained from the Andreev 0.0 0'1 0.2 0'3 0'4 0'5 0'6

spectra at 4.21 K from both sampl&l and S2. Within Z

experimental errors, we could fit o&t dependence oP;

with a parabolic curve for data points obtained from b8th FIG. 2. P, as a function ofZ for different point contacts. The

andS2. Thus we extracP, in the limit Z—0 by extrapolat-  triangles and diamonds on tt® vs Z plot are data points taken

|ng baCk a f|tted pal’abOhC curve. The intrinsic polar|zat|onfrom samp|e§1 and 82, respectively. The dashed line is a para-

obtained from the fit is?;=0.51+0.02. bolic fit to the data to extract the transport spin polarizationZor
The fact that data points obtained from b@h andS2  =0. The inset shows the transport spin polarization $tr mea-

can be fitted with a single parabolic curve giving the samesured at different temperatures. The solid line is a guide to the eye.
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Andreev reflection is that it is also sensitive to the sign of thdayer decays much more rapidly with temperature than the
spin polarization. Consistent with band structure predictionsbulk?® It is therefore interesting to note that the transport
Worledge and Geballe observed a negative transport spin pgpin polarization of SrRuQin the ballistic limit is compa-
larization in SrRu@. However, the degree of spin polariza- rable to La .Sl MnO5. The advantage of SrRuQs that

tion obtained by them(~9.5%) is much smaller than the high-quality thin films of this material have much lower re-
transport spin polarization expected from band structure cakjqyal resistance owing to the absence of substitutional dis-
culations. The main disadvantage of the Meservey-Tedrowyrder and the ability to grow very-high-quality single-
technique is that the measured transport spin polarizatioprystaliine films, thereby reducing the problems associated

depends on the spin decz?\y Ienth i_n the tunnel b"’_?mer'_with Joule heating in spin injection experiments. It would
There_fore the degree of Spin polgrlzatmn measurgd with thig, o refore be interesting to compare the effect of spin injec-
technique depends on the insulating spacer material used aﬂgi from SrRuQ with the data from doped manganites
may not reflect the true spin polarization in the material. b 9 ’

Andreev reflection in the clean limit, on the other hand, dOeslzalt?or?????{Z&igihﬁﬁﬁmrze;ssu:gﬂ Qt?r? t:lr:rl])zpl)l(i)srtti;ri)lrrqitpo'ar-
not suffer from this drawback. P )

Finally, we would like to note that most spin injection The transport spin polarization in this compound is compa-

experiments ind-wave superconductors have used do e({able to the doped rare-earth manganites. Comparing with
P . P P€Che value of the spin polarization calculated from band struc-
rare-earth manganites such as k8 MnO; or

La Ca MNO; as the natural choice, in view of their half- ture predictions, we conclude that the large transport spin

metallic character observed from spin-polarized photoemispOIanzatlon is mainly due to the difference in the Fermi ve-

. ; 7 . . . “locities of the majority- and minority-spin carrier electrons.
sion experimenté’ However, in recent times several experi-

ments have cast doubt on the use of this material as the id TP'S agrees well with the prediction from band structure cal-

e .
choice. Point-contact Andreev reflection measurements b)é/‘ulatlons.
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