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Determining the current polarization in Al/Co nanostructured point contacts
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We present a study of the Andreev reflections in superconductor/ferromagnet nanostructured point contacts.
The experimental data are analyzed in the frame of a model with two spin-dependent transmission coefficients
for the majority and minority charge carriers in the ferromagnet. This model consistently describes the whole
set of conductance measurements as a function of voltage, temperature, and magnetic field. The ensemble of
our results shows that the degree of spin polarization of the current can be unambiguously determined using
Andreev physics.
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The field of spintronics is largely based on the ability of We have fabricated Al/Co point contacts following the
ferromagnetic materials to conduct spin-polarized currénts.process described in Ref. 14. Briefly, a bowl-shaped hole is
Thus, the experimental determination of the degree of curdrilled through a 50 nm thick silicon nitride (53i4N4_,)
rent polarization has become a key issue. Recently the analypembrane by means of electron-beam lithography and reac-
sis of Andreev reflections in superconductor/ferromagnetive ion etching. The smallest opening in the insulating mem-
(S/F) point contacts has been used to extract this spin polaPrane has typically a diameter of 5 nm. Finally, 200 nm of Al
ization in a great variety of materias’ The underlying idea anddco=6, 12, 24, or 50 nm of Co plug200 nm-dc,) of
is the sensitivity of the Andreev process to the spin of the“U are deposited by electron;beam evaporation under ultra-
carriers, which in a spin-polarized situation is manifested inigh vacuum conditions+ 10"~ mbar) on each side of the
a reduction of its probabilit}. The theoretical analysis of Membrane. A schematic of the samples is shown in K. 1
these S/F point-contact experiments has been mainly carrieff '€ différential resistanda was measured with lock-in tech-

out following the ideas of the Blonder-Tinkham-Klapwijk nique in a dilution refrigerqtor. A dc current was superim-
(BTK) theory® Different generalizations of this model to posed on the small measuring ac component and Rathd

: . . . .. _the voltage drop/ were recorded simultaneously.
spin-polarized systems have been proposed, in which with an As a reference we show in Fig(H the Andreev spec-

additional phenomenological parameggrthe spin polariza- trum, i.e., the differential conductan&as a function of the

tion of the ferromagnet, excellent fits to the experimental, i5qey of an Al/Cu sample. In all the spectra in this paper,
data have been obtamé_d. Hovyevelrz, a microscopic Jusltéf" G andV have been normalized by the normal-state conduc-
cation of these models is Iackﬁ&‘._ Recently, Xiaet al. tanceGy and by the zero-temperature superconducting gap
have combinedb initio methods with the scattering formal- A of the Al electrode, respectivel, showed to be com-
ism to analyze the Andreev reflection in spin-polarized syspetely independent o¥ in the rangeeV<(5-10)A. Since
tems. Their main conclusion is that, in spite of the success ifhe estimated mean free paths of the Cu and Al electrodes are
fitting the experiments, these modified BTK models do not- 60 nm or longer at low temperatures, all the contacts stud-
correctly describe the transport through S/F interfacesied are in the ballistic regime. In the Al/Cu cafg. 1(b)]
Therefore, at this stage several basic questions arise: whattise BTK theory fits the experimental data very wédee

the minimal model that describes on a microscopic footingfigure caption for details In the case of Al/Co, the ferro-
the Andreev reflection in spin-polarized systems? More im-magnetic layer causes a reduction of the Andreev spectrum
portantly, can the current polarization be experimentally deamplitude as compared to the Al/Cu contatdee Fig. 2
termined using Andreev physics?

In this Rapid Communication we address these questions (@) (b)
both experimentally and theoretically. We present measure- SigxNgy Al 2r
ments of the differential resistance of nanostructured Al/Co szzz-
point contacts as a function of voltage, temperature, and s
magnetic field. To analyze the experimental data we have 12k
developed a model based on quasiclassical Green functions, T N S
the main ingredients of which are two transmission coeffi- 32 -1 0 1 23

: : - s . C C
cients accounting for the majority- and minority-spin bands ° ! ev/a

in the ferromagnet. We show that this model consistently F|G. 1. (Color onlin® (a) Schematic of an Al/Co nanocontact.
describes the whole set of data, which unambiguously demb) Andreev spectrum of an Al/Cu contact at 95 rfiack circles.
onstrates that the spin polarization of current in a ferromagThe dashed line is the fit obtained with the BTK the¢Ref. 9
net can indeed be determined employing Andreev reflectioryielding the transmission=0.781 and the gap =206 ueV.
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scattering matriXS. Our choice to model a S/F interface is
given by (we restrict ourselves to a single conduction chan-
nel)

| [Tt _A_(IT o) A_(rT o)
_ Sl o) Tlo o) Tlo ) @

wheret; | andr; | are the spin-dependent transmission and
reflection amplitudes, respectively. The transmission coeffi-
cients 7; | =|t; ;| are the central quantities of our model.
They contain the microscopic properties relevant for trans-
port, i.e., the spin-split band structure of the ferromagnet, the
electronic structure of the superconductor, and the interface
properties.

. T aim The current s¢ through the S/F point contact is computed

FIG. 2. (Color onling Andreev spectra of four Al/Co point con- fol!owmg s_tan_dard proceduré%.lt can be separated |n_t\No

tacts with different Co film thicknessc,. The solid line is a fit to ~ SPIN contributions)sg=1;+1,, where each can be written
the data with our modedisee Table)l in the BTK forn?
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Notice that, although both the normal-state resistances and l":ﬁf de[ng(e—eV)—ne(e)][1+A,(e)—B,(e)],
the Co layer thicknesses of the samples differ strorighe o

Table )), the Andreev spectra are all quite similar. This indi- @
cates that we are observing an intrinsic property of Al/Cowheren is the Fermi function, and,(€) andB,(¢) are the
point contacts. spin-dependent Andreev reflection and normal reflection

The minimal model necessary to describe transport in S/fprobabilities, respectively. These are given bk,
contacts should account for the spin-dependent transmissios; 7 _r_ _|f/D|? and B,=|(r,+r_,)+(r,—r_,)a|?|D|?,
which is inherent to any junction where ferromagnets argyhere r(r:\/l_—q-{r and D=(1+r,r_,)+(1—r,r_,)g.
involved. We have developed a model that fulfills this requi-The Green functions are evaluated right at the interface at the
site in the framework of the quasiclassical Usadel thédt),  superconducting side. In the point-contact geometry we can
describing a system in terms of two retarded Green funcignore the proximity effect, which means thgtandf only
tions,g(F,e) andf(F,e), which depend on both space and contain properties of the superconducting electrode. In the
energy and satisfig?+ f2=1. For transport through inter- case of a BCS superconductor in zero magnetic figgtd
faces this theory must be supplemented with boundary con-ie/\JA°—€? and f=i(A/€)g, and the zero-temperature
ditions, which can be formulated in terms of a normal-stateconductance adopts the foftn

17 eV=sA
e 4¢? (1411 )2=4r.r (eVIA)? .
S h TTTL+(TT+TL—TTTL)\/l—(A/eV)Z ~A

[(1=rr )+ (1+rr)1-(AleV)?]?’

In the absence of spin polarization & 7) this formula  Their deviations from sample to sample are remarkably
reduces to the BTK resultThe normal-state conductance is small, leading to small uncertainties in the mean values
given byGN=(e2/h)(TT+ 7), and the current polarization given by 7,=0.40-0.02, 7,=0.98-0.01, and A=(190
is defined byP=|r,—7/|/(7;+ 7). The main approxima- *+10) ueV. The total current is of course symmetric with
tion of this model is the assumption that we can describe théespect to the exchange of and 7, which implies that we
point contact with a single pair of transmission coefficientscannot assign a transmission coefficient to the majority or
7., which will be finally justified by the agreement with minority charge carriers in Co. Nevertheless, we expect the
the experiment. high transmissive coefficient, to correspond to the minority
As we show in Fig. 2, using; | andA as free parameters electr_ons, because of.their higher density of states at the
our model yields an excellent fit to the Andreev spectra of-ermi level corresponding to the Caldand. In our contacts
the Al/Co contacts for temperatur@ds=100 mK. These pa- the mean value of the current polarization B=0.42
rameters for a total of eight contacts are listed in Table 1.+0.021° An analysis of our experimental data foF
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cellent, apart from the deviations close to the critical tem-

Al/Co samples as determined by a fit of the Andreev spectra foperature. We attribute them to the existence of a stray field
T~100 mK with our model.

(~5 mT) created by the Co film. This idea is supported by a
calculation(see below for detaijsof R(T) in the presence of

deo  Ru T A an external fieldFig. 3(b)]. It is worth stressing thaR(T) is
Sample (nm) () (mK) (ueV) 7 7 P extremely sensitive to the transmissi@ee curve for sample
1 6 104 97 189 0404 0.979 0.42 ho.3in Fig. 3b)], which illustrates the accuracy in the de-
2 6 669 90 199 0403 0979 042 terminationof{r,7}. ,
3 12 332 101 199 0420 0.968 0.39 We have also measured how a magnetic fi¢ldarallel to
4 12 133 100 188 0415 0970 0.40 ghe |nSIrJ]Iat|ng Iayr(]ar modnjes f’;he An?}reiv_st])eq?aﬁ Fig.
5 24 600 98 180 0382 0989 044 S©] There are three main effects) the height of the two
6 o4 358 97 193 0399 0983 042 Mmaxima diminishes with increasing field and their positions

: ' ’ ' are shifted to lower voltagesii) as can be seen in the inset

! 50 15799 tr2= 0370 0.994 046 of Fig. 3(c), the zero-bias conductance is constant for fields
8 50 3.59 97 198 0.392 0.986 0.43 g '

~100 mK with the widely used model of Ref. 11 gives fits

of similar quality, but yields~15% smaller values foP. It

is important to stress that this model cannot be mapped on
ours, it is not rigorously founded, and misses the fundame

tal ingredient of a spin-dependent transmission.

The rest of the paper is devoted to illustrate the consis
tency of the model, and in turn of the determination of the

polarizationP. We show that fixing the s¢t-, ,7 } andA, as
obtained from the spectra &t~100 mK, the model de-

scribes without any additional fit parameter the temperatur
and magnetic-field dependence of the conductance. For i
stance, in Fig. @& the temperature dependence of the

n

below the critical fieldyiii) the transition to the normal state
is abrupt. To understand these features we now study how the
order parameteA is modified by the field. We use two ap-
proximations: (a) in the Al electrode the mean free path

tg~60 nm) is much smaller than the superconducting coher-

ence length §,~300 nm), which justifies the use of the dif-
fusive approximationl(<¢,) and the Usadel theoryb) for
our Al films &, is greater than the electrode thickness
which means that we can assume thaand the Green func-
tions are constant throughout the sample.

With these approximations the Usadel equation reduces to

éhe generic equation that describes the effect of different

air-breaking mechanisms such as magnetic impurities, su-
percurrents or magnetic fieldS:

Andreev spectrum of sample No. 2 is depicted. As can be

seen, the model describes the whole temperature range by g(e,H)
simply using the BCS temperature dependence of the gap. A e+iFg(e,H)=iAf( g (4)
more stringent test of our model is shown in Fi¢h)3 Here, €
we compare the temperature dependence of the zero-bias re-
sistance with the theoretical prediction. The agreement is exwhere
" E® ] © L, wHe)
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FIG. 3. (Color online (a) Andreev spectrum for sample no. 2 for different temperatures. For clarity, the curves are shifted downwards
successively by 0.05 units with increasing temperature. The solid lines are the calculated spectra with obiolehalized resistance
R/Ry as a function of temperature for three Al/Co sampless normalized to the gaps as obtained from the Andreev spectsae Table
1). The curves are shifted downwards successively by 0.12 units. The red lines are the caR{ilatgebr sample no. 2, the dashed line has
been calculated including the effect of a residual magnetic field of 5 mT. As a reference, we also show these data for the Al/Cu contact of
Fig. 1(b) (the theoretical result corresponds to the nonmagnetic BTK the®he shaded region is covered by a set of curves given by
{7;=0.017,£0.0% for sample no. 3(c) Andreev spectrum for sample 4 measured at 100 mK for different magnetic fields. The curves are
shifted upwards successively by 0.2 units. The inset shows the zero-bias conductance as a function of the field. The critical field of the
sample isugH.=15.0 mT. The red lines are the calculations usitiy,=3.8.
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oDe? termines the critical field of the Al filmd ., we fix its value

= 5 (A?), by means of an independent measuremenR@B) at T

fic ~100 mK. For our samples, we fird.~1.5H,, which in

ohereD i e aiusion costan 1  ciepig ey, S 1500 COSONGE T g £ wih

which contains the effect of the magnetic field, &) is  tions, we calculate the magnetic-field evolution of the An-
the average value of the square of the vector potential alongyeey spectra, reproducing the main experimental features
the thickness of the Al film. Additionally, the order parameter yithout any additional parametésee Fig. &)]. The theo-

A must be determined self-consisterifiyin Al the London  retical analysis of the critical field reveals that fibe\q, as
penetration depth is typicallj\o~50 nm, which in our in our case, botlA and the spectral gap are finite up to the
case is smaller than the thicknedsThis implies that the transition to the normal state. This naturally explains why
external field is partially screened inside the sample. Thushis transition is of first order and why the zero-bias conduc-
the vector potential appearing in E¢4) must be deter- tance is not modified by the field. The existence of this first-
mined solving the Maxwell equatiorV2A=—(4x/c)j,  order transition in superconducting films was first discussed

wheref is the ~supercurrent density given bi(F) " ﬁzecgr?gjsgnthvseekig\zlgurrge_ls_sg'i:?}luaﬂc]:ﬁfn}y-rehensive experi
= — (200 /hC)A() s detanh@e2)Im(F2), whereor is the ! P D P

Vo - N mental study of the transport through Al/Co nanocontacts.
normal conductivity of the Al sample anl=(kgT) "~ The  \yg have also introduced a model for the description of the

solution of the Maxwell equation yields the following ex- angreev reflection in S/F interfaces. While retaining the sim-
pression for the depairing energy: plicity of BTK-type theories, our model includes the effect of
. a spin-dependent transmission and allows the analysis of a
— 6a (sml‘(r) —1 great variety of realistic ingredients. We have shown that
r2cosH(r/2) r such a model consistently describes the whole set of mea-
(5) surements for arbitrary voltage, temperature, and magnetic
Wherer=(d/)\o)[(2/7r)fg"de’tanh(B’e’/Z)Im(fz)]l’z. Here, field, which demonstrates _that the. current polarizatipn in fer-
R / romagnets can be determined using Andreev physics. More-
the prime indicates that the energy variables are measured

: . Epver, our data and analysis provide important input for first-
units of the zero-temperature gap in th.e absenge of Md’ principles calculations of electron transmission through
and\ o= i c%/ (4m2anAg). In Eq.(5) « is the pair-breaking ferroma .

CNTOL . gnetic interfaces.
parameter for a thin film® which can also be written as
alAg=(1/12m)[Hd/H,\o]?, whereH,, is the bulk critical We acknowledge the financial support provided by the
field. For Al ugH,=9.9 mT. Notice that the ratid/\g is  Deutsche Forschungsgemeinschaft through Grant No. SFB
the only parameter that enters our analysis. Siide, de- 195 and within the Center for Functional Nanostructures.
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