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We have correlated a detailed quantitative structural analysis by x-ray diffraction, transmission electron
microscopy, and high spatial resolution electron energy-loss spectroscopy imaging, with the magnetization and
anisotropic magnetotransport properties in sputtered Fe/Cr superlattices. To accomplish this, we developed a
technique for magnetotransport measurements in metallic superlattices with the current perpendicular to the
plane of the layeréCPP. Using microfabrication techniques, we have fabricated microstructured Fe/Cr pillars
embedded in Si@and interconnected with Nb electrodes. Because of the uniform current distribution in the
Nb electrodes and the minimization of the superlattice-electrode contact resistance, the method allows a simple
and independent measurement of the superlattice resistance and giant magnetor¢GistBic8tructural and
magnetic characterization ¢fe(3 nm)/Cr (1.2 nm]y superlatticeswhere N is the number of repetitions
indicate that the roughness is correlated and increases cumulatively through the superlattice stack with no
significant change in the antiferromagnetic coupling. Both the current in-plane and CPP GMR incredsde with
as the roughness increases.

[. INTRODUCTION section, the resistance of the sample is in th@ mange
which can be measured with conventional techniques. Sec-

Since the discovery of giant magnetoresista(@®IR) in ond, because of the superconducting Nb electrodes, the cur-
magnetic superlatticesmuch interesting experimental and rent distribution is uniform in the pillars and computer simu-
theoretical work has been done to understand this phenonfation is not necessary to access the superlattice resistance.
enon. The GMR amplitude depends on several physicalhird, the contact resistance between the superlattice and the
properties: the magnetic structufgia the interlayer ex- electrodes has been minimized. Because the smallest spuri-
change coupling the spin dependent electronic band struc-ous contact resistance induced by the fabrication process will
ture and the spin dependent electron scattéfiigGMR  contribute to the measured resistance, this third point is the
measurements are usually carried out with a current in-plankey to have independent access to the intrinsic superlattice
(CIP) geometry, which is a straightforward technique. MR resistance and magnetoresistance. Therefore, because the
measurements in the current perpendicular to the planeontact resistance is negligible, no adjustments or corrections
(CPP geometry are not easily achievable because of théave to be done to the measured resistance. Finally, this
small resistivity of the superlattices, although they allow themethod can be applied to any superlattice system with no
deconvolution of the electron scattering occurring in the ferdimitation on the layer thicknesses, provided that the satura-
romagnetic bulk from those occurring at the interfatés. tion field is smaller than 1.2 T. We have used this method to
Several groups have developed methods to measure the CEBtermine the CIP and CPP magnetoresistangEexf3 nm)/
GMR in magnetic superlattices. Prattal® developed a su- Cr (1.2 nm], superlattices, wherdl is the number of rep-
perconducting contacting technique together with a sensitivetitions, grown by dc magnetron sputtering.
superconducting quantum interference devic8QUID) Because most of theoretical and experimental work un-
based system to measure the small resistance of theilerscore the importance of interfacial roughness, detailed
samples. Gijs, Lenczowski, and GiesBdrave measured the structural characterization is critical to further understand the
CPP GMR in Fe/Cr superlattices up to room temperatur&sSMR. We have developed an interesting imaging technique
using microfabrication techniques with normal electrodesusing high-resolution electron energy-loss spectroscopy
Gijs et al!® and Ono and Shinfd have used/-groove sub- (EELS) in a transmission electron microscop€EM) to
strates to measure the GMR with the current at an angle tquantify the interfacial roughness in metallic superlattices.
plane (CAP) geometry and Pirauet al*? Blondel et al,'>  Hence the superlattices interfacial disorder was characterized
and Liu et all* have fabricated multilayered nanowires by quantitatively using two complementary techniques: low-
electrodeposition. angle x-ray diffractionNLAXRD), and energy-filtered imag-

We report on a different method to measure the magneing using cross-section samples in an analytical TEM and
totransport properties of metallic superlattices in the CPRvas correlated with the superlattices magnetization and mag-
geometry. Using microfabrication techniques, we have fabrinetotransport properties. LAXRD and EELS analysis of
cated microstructured pillars interconnected with Nb elec{ Fe(3nm)/Cr(1.2nm]y provide evidence that the rough-
trodes. This method’s advantages are as follows: first, beaess is correlated and increases cumulatively through the su-
cause of the high number of columns and their small crosgerlattice stack with no significant effect on the antiferro-
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the Nb top layer is etched away. A final Nb layer is then
immediately depositedn situ by molecular beam epitaxy
(MBE) and patterned to form the connection between the
pillars. When the Nb is superconducting, the current distri-
bution in the Nb electrodes is uniform and the current flows
perpendicular to the plane of the substrate inside the pillars.
Figure Xb) shows an optical micrograph of a typical sample.
The sample consists of 100 pillars in series and has a “me-
anderlike” structure. Several contact pads can be used to

B Ferco . N L] sio, perform a four-lead measurement.
(a) To measure the resistance and magnetoresistance in the
CIP configuration, the superlattices are deposited directly on

top of a Si substrate. Then a 40n-wide bridge is defined
using optical photolithography and the superlattice is etched
away, allowing a four-lead measurement to be carried out in
a well-defined geometry.

dc and ac magnetotransport measurements were per-
formed in a helium cryostat equipped with a 9-T supercon-
ducting solenoid. The measurement temperature is 2.0
+0.1K and the applied field is always parallel to the sub-
strate plane.

The superlattices structure was thoroughly characterized
by low angle x-ray diffraction using a Rigaku rotating anode
diffractometer with CuK « radiation. The specular spectra
were fitted with thesuprExrefinement prograi in order to
estimate the layers interfacial roughness. A quantitative

(b) structural analysis of the superlattices has been achieved with
, ) TEM and high spatial resolution EELS in the cross-sectional

FIG. 1. (@ Schematic cross section of a CPP sample; armowsyo s ety Fe and Cr have similar lattice parameters and also
labeled(1) and (2) correspond to the patterns defined by the first o, iy very close scattering factors for elastic scattering of
and second etches, respectivaly; optical micrograph of a typical electrons. Hence conventional diffraction contrast and/or
sample. Arrows show the current path. phase contrast imaging in a TEM will neither resolve the
layers nor the details of their interface structure. However,
energy-filtered imaging using characteristic inner shell
excitation$® make it possible to image the Fe and Cr layers
separately and at sufficient resolution to quantify the local
structural roughness of the layers. Analytical electron mi-

Il. EXPERIMENTAL DESCRIPTION croscopy investigations were carried out using a Philips
) ) CM20-FEG TEM equipped with a Gatan imaging filter, ca-

A schematic cross section of the structure.develop.ed _t%able of obtaining both electron energy-loss spectra and
measure the CPP resistance and magnetoresistance is givgibrgy-filtered images in real time at high spatial resolution.
in F|'g. 1(a). A Nb-superlattice-Nb ;andwmh is fl_rst deposited Samples suitable for imaging by TEM were prepared in the
in situ by dc magnetron sputtering onto a Si substrate atss-section geometry following the customary treatment of
room temperaturg. Both Nb layers are 100 nm thick and th‘foolishing, dimpling, and low angléess than 10°ion mill-
superlattice consists ofFe(3nm)/Cr(1.2nm]y. The Cr jnq in order to get large electron transparent regions thin

thickness has been chosen to correspond to the first antifeéhough for investigations by EELS without any multiple
romagnetic(AF) coupling peak reported for polycrystalline scattering.

(110) Fe/Cr superlattice®'® The sandwich is then com-
pletely etched down to the substrate in the form of 50
X 150-um? pillars. The Nb is etched using reactive ion etch-
ing in a mixed CCJF, and Q atmosphere and the superlat-
tices are etched with a mixture of HCI,;PIO, and water. Figures Za) and (b) present the low angle x-ray diffrac-
Then, only the top Nb layer and the superlattice are etched ttion (LAXRD) specular and nonspeculérocking curves

form 30x30-um? pillars. The pillars are embedded in a spectra taken on a series of superlattifs (3 nm)/Cr

SiO, film deposited by rf magnetron sputtering and lifted off (1.2 nm]y with N=20, 40, 60, grown on top of a 100-nm-
using the same photoresist mask. A second,Sii® is de-  thick Nb buffer layer. The rocking curves where measured at
posited by lift-off to complete the isolation and avoid any a 260 value of 1°, this ensures high scattered intensity over a
short circuit and a 1810 um? via is defined on top of the wide angular range, and gives information about the layers
columns. To prevent any parasitic contact resistance due tose to the surface.

the oxidation of the top Nb layer during the lithography pro-  Despite the roughness induced by the Nb layer, the specu-
cess, an ion milling step is performed and the first 10 nm ofar spectra show clear superlattice peaks up to the second

magnetic coupling. The current in plaf@IP) GMR and the
current perpendicular to the plaf@PP GMR were found to
increase withN as the roughness increases cumulatively.

IIl. RESULTS AND DISCUSSION
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FIG. 3. Cr mapping taken ofFe(3 nm)/Cr (1.2 nm]go (grown
on Nb), (a) on the first 25 bilayers antb) the last 25 bilayers.

40, and 60 bilayers at ag2angle of 1° as a function of the
offset. The central peak is due to specular scattering and the
background is due to nonspecular reflection. It is worth not-
ing that although synchrotron light is usually necessary to
ensure high intensity in the nonspecular scattering experi-
ments, the high intensity obtained in our samples with a
laboratory x-ray source shows the high degree of correlation
of the interfaces from layer to layéas it will be proven later
FIG. 2. (a) LAXRD specular spectra taken on a series of super-fom EELS experimenis It is known that® resonance ef-
lattices[ Fe(3 nm)/Cr (1.2 nm ]y, with N=20, 40, 60, grown on top fects can appear in the nonspecular reflection when the mo-
of a 100-nm-thick Nb buffer layer. Lines are fits using theerex ~ Mmentum change of incident rays normal to the film, equals a
refinement program(b) LAXRD rocking curves from the same reciprocal-lattice vector and the structure is correlated from
samples. Spectra are offset for clarity. layer to layer. Since resonance effects govern the x-ray pat-
terns of the multilayer samples at low angles, obtaining
order and finite-size oscillations due to the buffer layer thick-quantitative information usually requires the assumption of
ness folN=20. AsN increases, the superlattice Bragg peaksself-affine interfaces or a certain growth modéf: However,
broaden and their intensity decreases which indicate that thiecan be qualitatively observed that the ratio of specular to
roughness increases cumulatively wNi’ The lines in Fig.  diffuse scattered intensity decreases wihin agreement
2(a) are the fit to the data obtained with tsePRexrefine-  with an increase of the roughness with the number of layers.
ment progrant” The structural model assumes a roughnes$voreover, “angel wings” or Yoneda scatterifigare ob-
that increases cumulatively with the bilayer indéM) ac-  served in all three samples. These are due to the increase in
cording to a power law=o,M“ whereo, is the roughness the diffuse scattering whed is equal to the critical angle.
of the first bilayer, andr an exponent describing the evolu- Interestingly, angel wings occur at smaltgwhen the num-
tion of the roughness. The final values of the fitting param-ber of bilayers is increased, again pointing to a greater
eters were checked to produce minima in the confidence fagoughness in the vertical direction or to a shorter lateral
tor of the fit y2. The superlattice modulation length roughness correlation length.
=t(Fe)+t(Cr) (wheret is the layer thicknegs extracted Complementary, quantitative structural analysis of the su-
from the fit is in good agreement with nominal values de-perlattices has also been obtained with TEM and high spatial
rived from deposition rates. The roughness parameters obesolution energy-filtered imaging in the cross-sectional ge-
tained [ 0,=0.37-0.02nm,a=0.4], [0,=0.37£0.02nm, ometry on the same series of samples. Due to the low con-
a=0.4], and[0,=0.36-0.02nm,a=0.4] for N=20, 40, trast in scattering power and similar lattice parameters be-
and 60, respectively, are in good quantitative agreement imtween Fe and Cr, brightfield TEM pictures taken on these
plying that the roughness of the first bilayer is the same in alsamples show only limited diffraction contrast running along
samplegas it should beand increases cumulatively with the the growth direction indicating a columnar growth of the
number of layers. Roughness error bars were those produsuperlattices.
ing a 10% increase iy On the other hand, EELS pictures showed an enhanced
Similar results were obtained for a similar series of supercontrast. Cr maps using the;, edge (2p-3d transitions,
lattices grown directly on Si substrates. All the spectra showollowing dipole selection rulgsof the first 25 bilayers and
superlattice peaks up to the third order and the roughnedbe last 25 bilayers of B=e(3 nm)/Cr (1.2 nm g, superlattice
parameters from suPREX refinement are: [0,=0.19  (grown on Nb are shown in Figs. @) and(b), respectively.
+0.02nm,«=0.4], [6,=0.17£0.02nm,a=0.4], and[o,  The first set of bilayers appear much smoother than the last
=0.17+0.02nm,a=0.4] for N=20, 40, and 60, respec- set of layers, indicating a dramatic increase of roughness
tively. Note that the growth on the buffer layer introducesacross the superlattice stack. Note that the roughness is
some additional roughness in the superlattité,e., the highly correlated. Elemeriboth Cr and Feintensity profiles
roughness parameters,, are significantly bigger for the were taken on a seriegFe(3nm)/Cr(1.2nm]y (with N
superlattices deposited on top of Nb. =20, 40, 60 along a section perpendicular to the substrate
Figure Zb) shows the rocking curves for samples with 20, plane with an integration width of 27 nm. These profiles
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FIG. 4. (@) Roughness of each individual bilayer as a function of o ,ghness. The histograms can be fitted to Gaussian curves
thi_bllayekr] mc;eﬂ\/l fo_rtl1\|=30 (O)'QN.:?)O 0D, NIZ 60(0). IEimIe 'S" (lines in Fig. 9 meaning that the thickness fluctuations are
? Ittrfo the . at?_ wit : é’; gf’l‘M ) ( d;ﬁs?pe’:ﬁttz'%e( g;oNu_ailgn perfectly random. The bilayer thickness fluctuations given by
ength as a function of e briayer In or =21 1), N = half the full width at half maximum of the Gaussian curves
(d), N=60(<). Errors bars are the standard deviation of the mean

: : . are about 0.45, 0.44, and 0.48 nm fdre= 20, 40, and 60,

value for each bilayer. Note that the relative error is much smaller tivel hich is iust about t Her Cn unit cell
that the errors bars of the absolute value of each individual sampl ehsaptei(; I\;?j)(;'iti\gn; plrso (J)L;Sofathc;u ro\L,JVghns;s (r:olrjrr(]ellafign& Be
cause the Gaussian fluctuation of layer thickness is also an

were taken every 5.4 nm along a 100-nm lateral lengt ssumption used in theuPrReX refinement for the intensity

(alo_rtl_g thef Thultilaye_r surfa()EEIzEFLosr _ee;ch C_ir(Fe) pr(c)jfilte, th_e d calculation of the LAXRD spectr¥, this result supports the
EOS' lon hob'l € matﬁmum h n egs;y v(\j/as tehem:lned ‘validity of the refinement method of the LAXRD data.
or each bilayer, the roughness 1s defined as he standagg, o efore LAXRD and EELS analysis provide roughness pa-

;jew?rt]log of chaCrr:ntenf;lty maxmat.over a 1h00—nm :Eateraﬂrameters in good quantitative agreement and evidence that
'ength. Figure )S. ows the quantitalive roughness ot eachy, roughness is cumulative. Similar results were obtained
individual Cr layer inside the superlattice stack for all three

) o for the series of superlattices grown directly on Si substrates.
superlattices. Note the superposition of the three curves Magnetization measurements were performed on
within the error ba_r marginggiven by the spat|.al resolutloq [Fe(3nm)/Cr (1.2 nm]y with a SQUID magnetometer at 10
of thg EELS. mappln)gand th_at th(_a roughness Increases WlthK. Figure 6 presents the dependence of the remnant magne-
the bilayer index. Ths line is a fit to the cumulative rough'tization (Mg) normalized by the saturation magnetization
ness model §=o,M“) used to extract the roughness pa-

(M) with N. This quantity gives an estimate of the sample
rameters from the LAXRD specular spgctra. Although the fltfraction which is not antiferromagnetically aligned at O field.
is not perfect, the parameters obtainpa,=0.36 nm,«

=0.42], are very close to the one obtained from the refine-

ment of the LAXRD spectra fof Fe(3nm)/Cr(1.2nm]y 10
grown on a Nb buffer layer. 054
We have extracted the superlattice modulation lenfyth
=t(Fe)+t(Cr) as a function of bilayer index for the same 064
series of samples by measuring the distance between Cr P
maxima. As shown in Fig. @), the modulation length is in §= 041 .\'\1\1\_.
good agreement with nominal values derived from deposi-
tion rates, is completely independent of the bilayer index and 024
therefore insensitive to the dramatic increase of roughness.
Note that the relative error oA is much smaller than the 00 i i . . i i
absolute error bar indicated in the figure for one of the 6 1 2 30 4 50 6
samples. N
The statistical histograms in Fig. 5 show thefluctua- FIG. 6. Remnant magnetizatioM() normalized by the satura-

tions for N=20, 40, 60. Note that the thickness fluctuationstion magnetization Ms) as a function of the number of bilayers
are almost the same for all samples in spite of the increasin@N). Line is a guide for the eyes.
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FIG. 7. Perpendicular resistance at 2 K of a series of R 30
[Fe(3nm)/Cr (1.2 nm]y measured at zero fielsquares and at & 1
saturation(triangles. The solid line is a linear fit. Absolute error 2 201
bars for each sample are about 15% of the measured resistance. O 1
10 g__B/E'//E
A slight 10% decrease d¥lg/Mg is observed with increas- 10 20 30 40 50 60
ing N, over a 10-60 bilayers rang®Mz /Mg was estimated N

to be 0.38-0.02. The relative insensitivity of this ratioto the 5 g (a) CPP resistivityoap (A) of [Fe(3 nm)/Cr (1.2 nm],
number of bilayers provides further evidence for the degreg:pp,,, (@), CIP p,p (2), and CIPpp (O) as a function oN. (b)
of roughness correlation established from structural probes ig\R ratio measured in the CRM) and CIP(CJ) configuration as

previous paragraphs. . a function of the number of bilayers.
Because variations of the GMR amplitude have been re-

ported with interfacial roughness for both CIP and CPP

geometry’*~*" we measured the resistance and GMR of athe two magnetic configuration® and AP). Figure 8b)
series off Fe(3nm)/Cr(1.2nm]y superlattices with 18N shows the GMR ratigdefined as Rap— Rp)/Rp] of the two
<40 in both configurations. In the perpendicular geometryseries. A first observation is that the CPP resistivity is always
the Nb electrodes exhibit a superconducting critical temperatarger than the CIP resistivity. Figuréa shows in the CPP
ture (T¢) of 7.5 K, which is depressed due to the patterningconfiguration a rapid increase pfp with N, while pp stays

and the proximity with Fe layers. Below Tc, the 100 pil-  constant. In the CIP configuration, bqih andp,p increase,
lars in series provide a total resistance in th€ mange, p,, increasing faster.
which can be measured with conventional techniques. Figure 8b) shows that the GMR measured in the CPP

Figure 7 presents the perpendicul@PP resistance mea- configuration is always greatéup to a factor 4 than in the
sured at zero fieldRap) and at saturationRp) of the series  CIP configuration, as predicted® and measured by
of superlattices. The “saturation” fieldvhere ferromagnetic  others®® The GMR ratio measured in both configurations
alignment is achievgds always smaller than the upper criti- increases withN. Between 20 and 40 bilayers, the GMR ratio
cal field of our Nb thin films at 2 K1.2 T for a 100-nm-thick  increases by a factor of 1.5 and 1.25 for CPP and CIP con-
Nb film). Rp is linear withN, with the Y-axis intercept close figurations, respectively, and shows no sign of saturation.
to the origin, implying that the contact resistance with the Nb  The increase of the CIP resistivity and GMR withcan
electrodes is negligible. A linear fit through the data gives &e explained by the increase of correlated roughness in the
Y-axis intercept of 0.050.1m(). Note that the error bar is superlattice stack. With increasing the correlated rough-
estimated using the error in the absolute value of each meawess becomes high enough to have a substantial contribution
surement. The least-square fit through the dafaich gives  from currents flowing across the interfaces. Therefore the
an intercept of 0.050.05}) indicates that the relative measurement configuration become closer to a CAP than a
error is much smaller. In any case, this contact resistance igue CIP geometry and the resistivity and GMR are expected
small compared with the intrinsic resistance of our Fe/Cro increase with roughness. Note that in the diffusive regime,
samples. The intercept corresponds to a contact resistanaget only the electrons propagating along the voltage direc-
cross-sectional area produ@RA) for two interfaces of 1.1 tions contribute to the resistivity. Even for flat interfaces,
+2 fQ0 m? which is within error bar of other reported Nb- electrons are scattered and therefore have somewhat random
ferromagnetic metal interface resistan8%A much smaller  walks, which on the average give a current along the voltage
error is obtained if only the scatter in the data is taken intadirections. Therefore the current distribution is not uniform
account (1.3 1 fQ m?). The uniform current distribution in and there will always be some electrons crossing the inter-
the superconducting Nb electrodes and the negligibléaces.
superlattice-electrode contact resistance assure that the mea-There are two simple extrinsic explanations which can be
sured resistance is intrinsic. This is very important in order taruled out as causing the changes in CPP magnetotransport
obtain independent resistivity and magnetoresistance meabserved here: changes(in magnetic coupling andi) cur-
surements. The saturation resistivity extracted from the slopeent flow direction with respect to the interfaces. Magnetic
of the linear fit ispp=34 1 cm. coupling can be ruled out as possible explanation of the mag-

Figure 8a) presents the resistivitiepap and pp of  netotransport changes becau6gloss of antiferromagnetic
[Fe(3nm)/Cr(1.2nm]y in the CPP and CIP geometries for coupling (often expected with increased roughnés®
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would decrease the GMR, contrary to what is obserireg. IV. SUMMARY
8); (ii) Fig. 6 shows no significant change in magnetic cou- .
p?in(g )Witr? increasingN (W?{hin the rangSN= 10—4?0 and We have developeq a methc_)d to measure the perpendlcu-
(i) EELS analysis show that the roughness is (7:orrelateI r magnetotransport in metallic superlatt!c'es'us[ng micro-
without any evidence for an increase in the density of IOin_abrlcatlon _technlque_:s. Because of the minimization of_ the
holes. The change in current flow direction with respect tocontact resistance with the electrodes, high number of pillars

the interfaces induced by the high correlated roughness cap Senes. and the current uniformity in the structures, the

also be ruled out because it changes the measurement geiﬂ?tmd provides simple, direct, and independent access to

etry from true CPP to CAP. As a consequence, the GM e superlattice perpendicular resistance and magnetoresis-

. . ) ance. CPP and CIP GMR pFe(3 nm)/Cr (1.2 nm]y super-
}’;?glg ?ne; rreezso?)r?i(;?ig:trgdtzg::;:tigr?sigrgigd f()j There lattices were investigated. The CPP GMR is up to four times

A possible explanation for the increase in CPP GMR ishlgher than the CIP GMR and both GMR ratios were found

the increase of spin dependent scattering with roughness. /&? increase with the number of bilayelis) as the interfacial

saturation, the transport is dominated by electrons of Onéoughness increases through the stack. The CIP GMR in-

T . ! T Crease is likely due to an enhanced contribution from cur-
spin orientationpp being constant witlN indicate that those : X . )

. . rents flowing across the interfaces of the superlattices while
electrons are weakly scattered by the increasing roughnest%e CPP GMR increase is due to an increased spin dependent
On the other hang,p and the GMR increase witN while P P

electrons of both spin direction contribute to the transport.s cattering.

Consequently, the majority electrons are strongly scattered
by the interfaces disorder and the correlated roughness acts
as a highly spin-selective scattering potential. A similar con- The authors thank Y. Jaccard, A. Fert, and P. Levy for
clusion was obtained from CIP measurements in F€B0L)  their fruitful comments. This work was supported by the
superlattices with negligible bulk scatterfigand annealing U.S. Department of Energy. J. Santamaria thanks the Funda-
induced interface defects. Note that comparative CIP andion Jaime del Amo and Fundacion Flores Valles for its
CPP measurements place this conclusion on a much firmeupport. Maria Elena Goez thanks Universidad del Valle
footing. and COLCIENCIAS.
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