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Effect of sputtering pressure-induced roughness on the microstructure and the perpendicular giant
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We have studied the connection between structure and magnetism of Fe/Cr superlattices as a function of
sputtering pressure. To measure the perpendicular giant magnetoresistance, we have fabricated microstructured
Fe/Cr pillars embedded in Si@nd interconnected with Nb electrodes. Because of the uniform current distri-
bution in the Nb electrodes and the minimization of the superlattice-electrode contact resistance, the method
allows a simple and independent measurement of the perpendicular superlattice resistance and giant magne-
toresistance. A detailed quantitative structural analysis by x-ray diffraction, transmission electron microscopy,
and high spatial resolution electron-energy-loss spectroscopy imaging, was correlated with magnetization and
anisotropic magnetotransport properties. Structural characterizatipRe nm)/Cr(1.3 nm],, superlattices
indicate that the roughness increases monotonically with pressure. The current perpendicular to the plane giant
magnetoresistance was also found to increase with pressure. This is interpreted as arising from an enhanced
spin-dependent scattering.

[. INTRODUCTION and electron-energy-loss spectroscBELS analysis of
[Fe(3nm)/Cr(1.3 nm ], Sputter-deposited at Ar pressui®
Since the discovery of giant magnetoresistaf@®R) in  varying from 4 to 10 mTorr provide evidence that the rough-
magnetic superlatticdsmuch interesting experimental and ness is correlated, cumulativéarough the superlattice stack
theoretical work has been done to understand this phenon@nd increases witf?. The CPP GMR is also found to in-
enon. The GMR depends on several physical properties: th@ease withP.
magnetic structurdvia the interlayer exchange coupling
the spin-dependent electronic band structure and the spin- Il. EXPERIMENTAL DESCRIPTION
dependent electron scatterifig.Both the magnetic coupling
and the spin-dependent scattering are influenced by the sy
perlattices microstructure. The antiferromagnetic magnetiza:-L
tion alignment at zero field depends on interlayer couplingS

e_md superlattices imperfections like spacer thipkness fluctuarye superlattices structure was thoroughly characterized by
tions (that leads to local changes of the coupliegd mag- 1o angle x-ray diffraction using a Rigaku rotating anode

netic pinholegthat leads to ferromagnetic alignment of parts yigractometer with Cuk « radiation. The specular spectra
of the samplg Finally, because the spin-dependent scatteryere fitted with the SUPREX refinement progrdrto esti-
ing occurs at impurities inside the magnetic layers and at theyate the interfacial roughness.
interfaces, changes of superlattice microstructuia inter- A quantitative structural analysis of the superlattices has
facial roughness, interdiffusion, or pinholes densitfil af-  been achieved with TEM and high spatial resolution EELS in
fect both bulk and interface properties and as a consequenage cross-sectional geometry taking advantage of the energy
the GMR. Although most of the theoretical and experimentafiltered imaging techniqu&: Analytical electron microscopy
work underscores the importance of interfacial roughness oimvestigations were carried out using a Philips CM20-FEG
the GMR magnitude, contradictory experiments have beefEM equipped with a Gatan Imaging Filter, capable of ob-
reported on the effect of interfacial roughness on the curreniaining both electron-energy-loss spectra and energy-filtered
in plané® (CIP) and current perpendicular to the pldne images in real time.
(CPP GMR. Hence, a detailed structural and magnetic char- Magnetotransport measurements in the CPP geometry are
acterization is critical to further understand the origin of thenot easily achievable because of the small perpendicular
GMR. resistancE® of the superlattices, although they allow the
We have characterizeguantitativelyinterfacial disorder deconvolution of the electron scattering occurring in the fer-
in Fe/Cr superlattices tuned by varying the sputtering presromagnetic bulk from those occurring at the interfates?
sure (P), using two complementary techniques: low-angleThe experimental setup to measure the CPP GMR in Fe/Cr
x-ray diffraction (LAXRD), and energy-filtered imaging on superlattices using microfabrication techniques is detailed
cross-section samples in an analytical TEM. The superlatticelsewheré.” Essentially it consists of fabricating Fe/Cr su-
microstructure was then correlated with their magnetizatiorperlattices which are then processed into<30 wm? pillars
and current perpendicular to the plai@PP GMR. LAXRD  which are isolated electrically by Si@nd interconnected in

Fe/Cr (110 superlattices have been grown by dc magne-
n sputtering on $100) substrates at room temperature. A
30 nm thick Nb buffer layer was deposited prior to the
uperlattice deposition for transport measurements purposes.
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FIG. 1. LAXRD specular spectra taken on a series of superlat- o 121
tices[Fe(3 nm)/Cr(1.2 nm],, grown on top of a 100 nm thick Nb
buffer layer with sputtering pressures varying between 4 and 10 1.0 ©
mTorr. Lines are fits using the SUPREX refinement program. Spec- 4 6 8 10
tra are offset for clarity. P (mT)

. . . . FIG. 2. Roughness parametéas o, , (b) a, and average rough-
series with superc_onductmg Nb el_ectrodes. We have eSthess(c) o, as a function of sputtering pressure. Lines are guides
mated the Nb-multilayer contact resistance to be smaller thap,; yhe eye.

0.15 m,'” while the resistance of our samples is typically

more than one order of magnitude bigger. Therefore, becausk are the fit to the data obtained with the SUPREX refine-
the contact resistance is negligible compared to the actuanent progrant?

sample’s resistance, no adjustments or corrections have to be The final values of the fitting parameters were checked to
done to the measured resistance. The calculated area timessure they produce minima in thé confidence factor of
contact resistance/Ry, muItiIayer(WhereA is the pillars area  the fit. The validity of the cumulative roughness model has
is smaller than 3®m?. been established earliarsing x rays and EELS analysifor

dc and ac perpendicular magnetotransport measuremergputtered Fe/Cr superlattices while studying the interfacial
were performed in a helium cryostat equipped with a superroughness as a function of bilayers indéxthe superlattice
conducting solenoid. The measurement temperature is 2/@odulation lengthA=t(Fe)+t(Cr) (wheret is the layer
+0.05K and the applied field is always parallel to the sub-thickness, extracted from the fit is in good agreement
strate plane. (within 10%) with nominal values derived from deposition
rates. The roughness parameters and « were extracted
from the fits. Figures @) and 2b) show their evolution with
sputtering pressure. Note a significant increase pfvith P.

Figure 1 presents the low angle specular x-ray diffractionA better way to characterize the roughness evolution is to
(LAXRD) spectra taken on a series of superlatticesestimate the average superlattice roughness defined,py
[ Fe(3 nm)/Cr(1.3 nm ], grown on top of a 130 nm thick Nb =33 _, 0 /N (whereM is the bilayer index antl the num-
buffer layer with sputtering pressures varying between 4 tder of bilayers. As shown in Fig. &), o,, increases mono-
10 mTorr. tonically with sputtering pressure.

With the exception of the sample grown at 10 mTorr, all  This is consistent with the increase of roughness reported
specular spectra exhibit the first superlattice peak and finitevith P for Fe/Cr superlattices grown directly on Si
size oscillations due to the buffer layer thickness. As-  substrate$.It should also be stressed that the presence of the
creases, the superlattice Bragg peak broadens and its inteNb buffer layer introduces some additional roughness. A se-
sity decreases until it disappears at high pressure, which imes of superlattice§Fe(3 nm/Cr(1.2 nm],, was grown on
dicates that the roughness increases VAth'® Note that top of Nb buffer layers with thicknesses varying from 0 to
although the superlattice peak disappears, the overall interi-00 nm. Refinement of the low-angle x-ray spectra taken on
sity profile is strongly influenced by the interfacial roughnessthat series shows a monotonic increase of the roughness pa-
and will provide structural information. rametero, and o ,, with the buffer layer thickness.

The surface roughness of sputtered films has been found Quantitative structural analysis of the superlattices has
theoretically and experimentally to scale as a power law o&lso been obtained with TEM and high spatial resolution
the film thickness® wherea depends on the dynamics of the energy-filtered imaging in the cross-sectional geometry. Due
growth process®!® In superlattices, this type of roughness to the low contrast in scattering power and similar lattice
has been generally modeled as cumulative fluctuations in thgarameters between Fe and Cr, brightfield TEM pictures
layer thicknes¥??1or increases in the interface width with taken on these samples show only limited diffraction contrast
increased superlattice thicknéssOur structural model as- running along the growth direction indicating a columnar
sumes a roughness that increases cumulatively with the bgrowth of the superlattices. On the other hand, EELS pic-
layer index(M) according to a power law=o0,M“ where tures showed an enhanced contrast. Cr maps using fhe
o, is the roughness of the first bilayer, andan exponent edge (2-3d transitions, following dipole selection rulesf
describing the evolution of the roughné8dhe lines in Fig.  two [Fe(3 nm)/Cr(1.3 nm],, superlattices grown on Nb at 4

Ill. RESULTS AND DISCUSSION



EFFECT OF SPUTTERING PRESSURE-INDUCED. ... 15081

2 07
NS
g 0.6
e
T 0.5
g
= 044
<
.3
2.51
F 20
FIG. 3. Cr mapping taken on Nb30nm-[F&3nm)/ g
Cr(1.2 nm)}, grown at(a) 4 mTorr and(b) 10 mTorr. oF 1.5
1.0
and 10 mTorr are shown in Figs(a3 and 3b), respectively. @
Note that the roughness is significantly higher for the sample 0.5
grown at 10 mTorr and that the roughness is highly corre- 4 5 6 7 8 9 10
lated. Elementboth Cr and Feintensity profiles were taken P (mT)

on the same samples along a section perpendicular to the )

substrate plane with an integration width of 2.7 nm. These FIG. 5. (8) Average roughness ar®) modulation length fluc-
profiles were taken every 1.35 nm, along a 100 to 120 nniuations as a function d®. Lines are guides for the eye.

lateral lengthlalong the multilayer surfageFor each CkFe)

profile, the position of the maximum EELS intensity was the average roughness and the bilayer thickness fluctuations
determined. For each bilayer, the roughness is defined as thecrease with pressure. ThereforgjantitativeEELS analy-
standard deviation of the Cr intensity maximum over a 100sis confirms ther,, increase withP found from the refine-

to 120 nm lateral length. ment of the LAXRD spectra.

Figure 4 shows the quantitative roughness as a function of Magnetization measurements were performed with a
bilayer index for the two superlattices. The lines are fits toSQUID magnetometer at 10 K. Figure 6 presents the depen-
the cumulative roughness modet€ o,M“) used to extract dence of the remnant magnetizatiavl §) normalized to the
the roughness parameters from the LAXRD specular spectrgaturation magnetizatiotMs) of [ F&(3 nm)/Cr(1.3 nm],, as
The first observation is that the roughness increases cumula-function ofP. This quantity gives an estimate of the sample
tively with the bilayer index in both samples as already es<raction which is not antiferromagnetically aligned at zero
tablished for superlattices grown at 5 mTéfSecondly, not  field. A small increase oMg/Ms is observed with increas-
only the roughness of the first layet, increases witlP but  ing P over the 4 to 12 mTorr range. The increasévbf/M g
the roughness progresses much faster at high pressure. Tégn be due to an increased density of ferromagnetic shorts
average roughness,,= =\ _; o /N and superlattice modu- (due to pinholesbetween Fe layers, or to Cr thickness fluc-
lation lengthA =t(Fe)+t(Cr) were extracted for a series of tuations that can locally change the coupling. Note that the
samples sputtered Bt=4, 6, 8, and 10 mTorr, by measuring latter would be consistent with the increase of bilayer thick-
the standard deviation of the Cr intensity maxima and theness fluctuations witl® as shown by EELS.
distance between Cr maxima respectively for each individual A series of[ F&3 nm)/Cr(1.3 nm],, superlattices grown
bilayer. Statistical histograms were plotted and fitted toat various sputtering pressures was measured in the CPP con-
Gaussian curves to extract the fluctuations. The bilayer figuration. The Nb electrodes exhibit a superconducting criti-
thickness fluctuations given by half the FWHM of the Gauss-cal temperature ) of 7.5 K, which is depressed due to
ian curves are shown in Fig. 5 together with the averagelegradation during the patterning and the proximity to Fe
roughnessr,, of the superlattice. Figure 5 shows that both layers?? Below T, the 100 pillars in series provide a total
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FIG. 4. Roughness of each individual bilayer as a function of FIG. 6. Remnant magnetizatio(z) normalized to the satura-
the bilayer indexM for P=4 mTorr (l) and 10 mTor(O). Lines  tion magnetization ¥5) as a function of sputtering pressure. The
are fits to the data withd=o,M®). line is a guide for the eye.



15082 M. C. CYRILLE et al. PRB 62

© 207 m 24 . .
16 -
g 20+ .
12+ C.‘,}:,L
(b) =
8 L L L L L L L -—’_Ed 164 i
60 i ™~
><
g /f Ean -
)
40- T T T Ll T T T
C:E_ 30 3 4 5 6 7 8 9 10 M
o () P [mT]
20 T T T T T T T .
3 45 6 7 8 9 1011 FIG. 8. Plot of[ApX pap]*? against pressurd®, for the CPP
P [mT] data shown in Fig. 7. The solid line is a guide to the eye.

FIG. 7. (a) CPP resistivitiep sp(A) andpp(®) as a function of  jacrease of GMRdue to the small loss of couplingthe
sputtering pressurgb) CPP GMR ratio(M) as a function of?.  G\R increase being large enough to compensate the effects
Lines are guides for the eye. due to the loss of coupling.

It has been shown theoreticdllyhat the CIP GMR of
resistance in the @ range, which can be measured with epitaxial Fe/Cr superlattices increases when the step density
conventional techniques. The “saturation” fiefdthere fer-  at the interfaces increaséa the form of a decreased rough-
romagnetic alignment is achieveid always smaller than the ness lateral coherence lengtir when the step heighiver-
upper critical field of our Nb thin films at 2 K1.2 T for a  tical roughnessincreases. On the other hand, both an in-
100 nm thick Nb film). It has been shown previously that the crease and decrease of CIP GMR have been reported for
contact resistance superlattice-Nb is small compared with thpolycrystalline Fe/Cr superlattices with roughness induced
measured superlattice resistant@he uniform current dis- via annealing, changes of substrate temperature or sputtering
tribution in the superconducting Nb electrodes and the smalpressuré~8 A GMR enhancement can be attributed to an
superlattice-electrode contact resistance assure that the méaereased spin-dependent scattering, a decreased spin-
sured resistance is intrinsic. independent scattering or a combination of both. Similarly, a

Figure 7 presents the CPP GMR rafidefined as Rap  GMR reduction can be due to a decreased spin-dependent
—Rp)/Rp] and the perpendicular resistivitipsp andpp of  scattering, an increased spin-independent scattering or both.
[ Fe(3 nm)/Cr(1.3 nm],, for the two magnetic configurations ~ The GMR effect can be explained qualitatively and quan-
(antiparallel and parallel alignmenBoth the GMR ratio and titatively by taking into account a spin asymmetry of the
the resistivities increase with. The GMR increase is due to parameters describing the transport properties of the two spin
a faster increase of,p compared topp. Because the in- channels, ug]) and down(|) for electronic conduction?*®
crease of pressure decreases the deposition rate at constdihe CPP geometry permits a quantitative analysis of the
power and changes the surface mobility on the substrate, @BMR in terms of interface resistand®: ;1 (])=2Rg (1
increase of resistivity of the same order is expectedofgr  —(+)vy) and bulk resistivities of the ferromagnetic layers
and pp due to the increased concentration of defects angh.1(|)=2pf(1—(+)B) and of the nonmagnetic layers
impurities. This is contrary to what is observed,m@ in- PNT(J,):ZP;\CJ . B and vy are the spin asymmetry coefficients
creases faster thap . from bulk and interface scattering respectiveRf; , is the

Note that a loss of antiferromagnetic couplifgue 10 ghin averaged interface resistanpd, and p¥ are the spin

enhanced contribution of ferromagnetic shorts or Cr thick-eraged resistivities for the ferromagnetic and nonmagnetic
ness fluctuations is often expected with

&7 Increasing ea) “respectively. In the limit where the layer thicknesses
roughness” and should decrease the GMR. Figure 6 pro-5e gmalier than the spin diffusion lengths in both metals, a

vides evidence of a small loss of magnetic coupling Withge jes resistor model has been theoretically prop&s@tiis
pressure—lm_juced roughness. The.refore a decrease of GMR\Is extensively usetsee Refs. 9, 16 and references within
expected withP contrary to what is observed. It should be v, gyiract spin asymmetry coefficients and interface and bulk
noted at this stage that our valuesMk/Ms, which reflect — ogigiivities from CPP data in various systems. Using the

the strength of the anti_ferromagnetic alignment betwBen \,5at and Fert notation®k4p andRp can be written as fol-
layers, are somewhat higher than those reported for systenjs,s:

with higher GMR valuede.g., Ref. 13 This would seem

consistent with the fact that perfect antiferromagnetic align-

ment would lead to the maximum GMR values. We therefore  ARap=2ARyyr+ Npgte+(N—1)[2ARE \+ pntnd,

note that the specific behavior of the roughness dependence (1)

of the GMR may be different in samples with very different

tendency to antiferromagnetic alignments. * —
The enhancement of CPP GMR is the result of a compe- Rp=Rxp— [N’BthF+2(2N DyAREN] ,

tition between an increase of GM@ue to roughnegsand a ARap

2
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whereA is the pillar areaN the number of bilayersRypr Note that to have a quantitative statement on the evolution
the Nb/Fe interface resistance, angdandtg are the thick- of the spin asymmetry coefficients with pressure, an exten-
ness of the nonmagnetic and ferromagnetic layer, respesive and lengthy study must be done to extract all parameters
tively. Note that theN—1 prefix accounts for the last Cr for each pressure investigated.
layer which is superconducting due to proximity to the Nb
electrode.
Equation(2) illustrates the spin dependent contribution to IV. SUMMARY
the electronic transport and can be rewritten using the spin )
dependent interface resistance and bulk resistivity defini- We have developed a method to measure the perpendicu-
tions: lar magnetotransport in metallic superlattices using micro-
fabrication techniques. Because of the minimization of the
A%(Rap— Rp)Rap=AZ?ARX Ryp contact resistance with the electrodes, high number of pillars
in series, and the current uniformity in the structures, the
te+2A(N—1) method provides sim_ple and d_irect independent access to the
superlattice perpendicular resistance and magnetoresistance.
CPP GMR of[ F&3 nm)/Cr(1.3 nm],o superlattices was
3) investigated and was found to increase with pressure-induced
interfacial roughness. The CPP GMR increase is due to an
increased spin-dependent scattering.

N pt—pk
B 4

(R~
Ren)

As shown in Fig. 7, botAR andR,p increase with pres-
sure. Note that an increase or decrease in sulapendent
scattering due to enhanced disorder would affect equally
both spin channels and would not affect the right-hand side
of Eq. (3) contrary to what is observed. Therefore the in- This work was supported by the U.S. Department of En-
crease ofARX R,p with P is clear indication of an increase ergy. J.S. thanks the Foundations Jaime del Amo and Flores
of spindependenscattering and hence an enhancement oWalles for their support. M.E.G. thanks Universidad del
the spin asymmetry of the scattering. This increase is showWalle and COLCIENCIAS. We thank J. Bass, W. Pratt, and
in Fig. 8. A. Fert for critical and helpful comments.
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