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Co/Ag multilayers have been sputter-deposited at pressures ranging from 0.86 to 10 mTorr, and magne-
totransport measurements have been performed with the current both perpendicular to tH€PRuaad in
the plane(CIP) of the samples. X-ray-scattering studies indicate that the roughness of the interfaces is influ-
enced by the presence of the Nb layers used to make electrical contact for the CPP measurements, as well as
by the sputtering pressure. For samples deposited at higher sputtering pressures, the Nb contact layers also
influence the low-temperature coercive field of the multilayers. The CPP-giant magnetoresistance is observed
to decrease with increasing sputtering pressure and, in the case of the signal observed after cycling to above the
saturation field, this decrease is found to come in roughly equal measure from an increase in the high field-
saturated specific resistance and a decrease in the field-dependent specific resistance. Making use of the direct
connection between microscopic physical parameters and experimental results available through the CPP
geometry, we show that both of these changes arise primarily from increased scattering in both spin channels.
We see very little, if any, evidence for a change in the spin-dependent scattering with sputtering pressure.
[S0163-182698)03233-0

I. INTRODUCTION havior arising in the Co/Ag system has been published. In
the present study, results from the CPP geometry are corre-
The giant magnetoresistan@@MR) effect, and the asso- lated with changes in the atomic structure as determined
ciated oscillatory exchange coupling of magnetic layerdrom x-ray scattering. Although it has not been as exten-
across nonmagnetic spacer materials in  magnetisively studied, the Co/Ag system shares with the Co/Cu sys-
multilayers®? continue to be of great interest at both a fun-tem the advantage of having immiscible constituents but of-
damental level and for technological application. While it isfers better x-ray contrast. This makes Co/Ag attractive for
widely accepted that GMR arises from spin-dependentooking at the connection between structure and transport
scattering the actual mechanism responsible for the spinproperties.
dependence remains unclear. This is particularly true for the At least three significant complications must be con-
interfaces, where most of the spin-dependent scatterinffonted in trying to relate changes in interfacial structure to
events relevant to practical devices are thought to occur. Nuchanges in transport properties in GMR materials. First, it is
merous investigations have been undertaken to explore thdifficult to quantify the nature of the structural defects incor-
relationship between interfacial structure and GMR over theporated into the multilayer via the various procedures men-
past several years to address this issue. These have includiéahed above. Not only the overall “roughness” but also the
studies where the interface was altered by growing films witHength scales over which correlations pergksith laterally,
different deposition conditiongsuch as growth temperature, along each interface, and vertically, from one interface to the
sputtering pressure, et¢~’ through deposition of an inter- nex can be important. Unfortunately, a complete character-
facial layer®® or through annealind®'!! Studies have been ization of the roughness of buried interfaces is not possible
performed on a variety of different systems, but most havewvith present techniques. Off-specular x-ray scattering and
concentrated on either Fe/QRefs. 5, 7, 12, and 23or  NMR hold promise for providing some useful information in
Co/Cu1t14 this regard>~*8 but even these techniques have not always
The role of interfacial structure on the CIP-GMR has alsobeen employed. Second, it is also difficult to relate changes
been studied in Co/Ag multilayers recently by otherin interfacial structure directly to the transport properties in
researchef$'® who altered the interfacial structure through the traditional transport geometry where the current is in the
low-temperature annealing. Anneals near 350 °C were foundample plane(the so-called CIP geomeiry Finally, in
to increase the GMR signal by a factor of 2 or 3, but there issamples with thin nonmagnetic layers, one must distinguish
as yet no consensus as to the structural changes responsitie direct effects of structural changes on the transport prop-
for this increase. This temperature is comparable to thagrties from concomitant changes they may be induced on the
found to produce an enhanced GMR through the formationnterlayer coupling. An indication of the impact of these
of a discontinuous structure in the magnetic layers ofcomplications may be seen in the conflicting results obtained
NiFe/Ag multilayers?® but no confirmation of the same be- in published studie3%*
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Some of the difficulties discussed above may be overbelow. The sputtering power applied to each target was held
come by studying the magnetotransport of multilayers withconstant and the resulting rates at the given pressures were
thick nonmagnetic layerio reduce effects from changes in 4.2, 3.9, 3.6, 2.6, and 1.4 A/s, respectively, for Co, and 10.7,
the interlayer coupling and by using the current- 10.5, 9.8, 7.4, and 4.6 A/s, respectively, for Ag as measured
perpendicular-to-the-plané€PP geometry. This paper pre- by quartz crystal monitors. The substrates were held at a
sents results from a study of the relationship between thdistance of 12 cm from the sources. The Nb strips for all
CPP-GMR and interfacial roughness in multilayers. Wesamples were made at 2.5 mTorr of Ar, at a rate-&f A/s.
study Co/Ag multilayers with Ag layers sufficiently thick to The Nb leads on the transport samples make them ill-suited
decouple the Co layers. The structure of the samples wd®er structural characterization, so in the same deposition run,
altered by growing films under various Ar sputtering pres-and under identical conditions, unpatterned multilayers were
sures and this structure was studied using both specular amlade on 1X 12 mn? substrates for the x-ray-diffraction
diffuse x-ray scattering. Using the unigue advantages of theneasurements. These “x-ray samples” were made with a
CPP measurement geometry, we are able to show that tf#50 nm Nb buffer layer between the Co/Ag multilayer and
observed decrease in the magnetoresistdhti®) with in-  the substrate, and the extra 3 nm Co cap layer, but without
creasing sputtering pressure for these samples is due to &@me top Nb layer. Later, in separate runs under nominally
overall increase of the scattering in both spin channels rathédentical conditions, similar x-ray samples were made with-
than a change in the spin-dependent scattering. out the Nb buffer layer in order to investigate the influence

of this layer on the structure of the multilayer.
A reference resistor and SQUID-based system are used to
Il EXPERIMENT measure the CPP magnetoresistance. At the measuring tem-

The Col/Ag multilayers were made by sputtering in anperqture o.f 4.2 K, the Nb strips superconduct, pecoming
ultrahigh-vacuum compatible, four-target system, usingequoten_ual contacts, thereby ensuring that a uniform cur-
preparation conditions and procedures described elsewheref®nt density(of roughly 8 Alcrrd) passes through the overlap
The sputtering system was initially pumped down @  &réa &~1.25 mn) between the strips. The CPP geometry
%1078 Torr. High-purity Ar sputtering gas was then admit- allows the measurement of the specn‘l_c resistafAée the
ted and the sputtering pressumf,y) was set. The multi- product of the overlap area of the Nb strips and the resistance

layers were designed to have thicknesggs 3 nm andt,g through the multilayer. The cross-sectional area of the CPP

=8 nm with 10 bilayers in each sample. An extra Co Capsam_ple,A, was measurc_ad by a Dektak profilo_meter. Further
details have been provided in an earlier publication.

layer (3 nm in thicknesp was included to suppress . ; ;
proximity-induced superconductivity from the Nb leads used_ <@y diffraction was performed on a Scintag XDS2000
for the CPP measurement. The Ag layer thickness should borizontal 6-26 diffractometer, using C« radiation from

large enough to effectively decouple the magnetic lars. a_\sgale_d line-focus tube. A Ni filter on the incident begm and
The samples make use of a geometry in which the CIP anhuid-nitrogen-cooled Ge detector were used to eliminate

CPP transport properties may be measured simultaneouslghe K B radiation. The incident beam had a horizontal diver-

Details regarding their geometry and fabrication, includingd®nce of 0.07° and the detector slit had a horizontal accep-

thein situ mask-changing system, which makes the CPP get_ance of 0.28° and a vertical acceptance of 4.8°. The large

ometry possible, are discussed at length in previoué’ertical acceptance means that the data collected are inte-
publications?*~23For the present discussion it is important to grated over one of the lateral directions in reciprocal space

note that the CPP measurements are made on a central pg,nd thgreby allow th_e intgrpretation of thfa scattering in terms
tion of the multilayer sandwiched between a pair of crosse® 2 smgle lateral direction. For scattering ang(&s) less
Nb strips (one below, the other abokeThe Nb strips are than 1.5° the intensity fro_m the x-ray tube was reduced by a
approximately 1.1 mm wide and 250 nm thick and serve afactor of 400 by decreasing the power from 40 kV and 35
both current and voltage leads. To avoid shorts between tH&A 10 12 kV and 2 mA.
Nb strips and minimize the influence of the Nb on the CIP
measurement, the Co/Ag multilayers have a circular central . RESULTS AND DISCUSSION
region(roughly 4 mm in diametemvhere the Nb strips cross.
Two narrower strips of the multilayer bring the CIP current
into and out of this circular region and these narrower strips Representative low-angle x-ray patterns are shown in Fig.
therefore dominate the CIP measurement. With this configut. This figure shows data collected in the specé@p mode
ration the CIP current geometry is not precisely controlled(continuous curvesalong with data collected witlw (the
and consequently greater sample-to-sample variation is seémcident angle of the x rays with respect to the sample sur-
in the CIP measurements than in the CPP measurements. face offset by 0.2° from the specular conditi¢dot-dashed
Several series of samples with the same nominal structureurves. Data collected in the latter mode probe the diffuse
were deposited onto @01) substrates at Ar sputtering pres- intensity along a cut through reciprocal space almost parallel
sures of 0.86, 1.3, 2.5, 5.5, and 10 mTdas read by a to q, (the growth direction of the multilaygrlf this intensity
Bayard-Alpert ion gauge operating at 0.1 mA emission cur-exhibits maxima whermy, lies on the Bragg planes in recip-
reny. Samples deposited on sapphire substrates showedcal space, the roughness has some correlation from one
qualitatively similar transport propertieéhough typically interface to the next?* The data in Fig. 1 have been nor-
with a weaker dependence on sputtering pregsbue the  malized to the incident intensity and have been corrected for
sapphire substrates were not suitable for x-ray characterizaletector dead time and for the finite sample size, which
tion, so those samples are not included in the discussionauses some of the beam to miss the sample at the lowest

A. Structural characterization
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. correction® The resulting values for the modulation wave-
10 lengths of the samples are shown in Table I. Independent of
the presence of the Nb buffer layer, the samples prepared at
107 pressures below 10 mTorr have modulation wavelengths
within 5% of each othefand clustered within 5% of the
10°° nominal value of 110 A while the samples prepared at 10
mTorr have periods 10-15% above the nominal value.
> 107 Sincet,g is large enough to decouple the Co layers, this
3 slight difference in modulation wavelength is not expected to
E 10° affect the magnetoresistance significantly.
;:5 Two other trends are also immediately apparent from the
10" data displayed in Fig. 1. The samples prepared without the
Nb buffer layer show a better-defined diffraction pattern and
i a greater intensity difference between the specular and offset
10 scans than in those prepared with a Nb buffer layer. The
samples prepared at higher sputtering pressures also display
107° less structure in their diffraction pattern than do samples pre-
pared at lower pressures. This latter trend is consistent with
107" results seen in other systems, and indicates that the samples

prepared at higher pressures are roughégEarlier work on
other systems indicates that both topographic rough(stsg

FIG. 1. Low-angle x-ray-scattering results for representativefEdge$ and chemical disordefintermixing of Co and Ag

samples deposited on Si under various sputtering pressures. Ticrease with sputtering presslﬁ'eand similar be“‘?“"or IS
continuous curves display the specular data while the dot-dashe(la‘j)(pected for the present samp[es. The_ marked' difference in
curves show the data collected with the incident ar(gle offset the x-ray pattern that accompanies the_lntr(_)duct_lon_ of the Nb
from the specular condition by 0.2°. Curvesand d are from (e.g., compare curvawlth b orcwith d, in Fig. D |nd|cate_s -
samples prepared without a Nb buffer layer at 2.5 and 10 mTorrthat this buffer layer is quite rough and its presence signifi-
respective|y, whileb and ¢ are from Samp|es prepared with a Nb Cantly increases the OVera” roughneSS Of these mu|ti|ayerS.
buffer layer at 2.5 and 10 mTorr, respectively. The successive pair§he roughness introduced at the interfaces of the multilayer
of curves have been displaced by a factor of 1@or clarity of ~ as a result of growth on this rough buffer layer should be
presentation. The dashed curve at the bottom of the graph shows tll@minated by topographic rather than chemical disorder.
contribution from air scatterinon the same scale as curde As a result of the roughness introduced by the Nb buffer,
structural changes associated with different sputtering pres-
angles(“footprint” correction). Uncertainties in these cor- sures are most easily seen in the samples made without
rections and in the value of the incident intensity, along withbuffer layers. This is shown most dramatically in Fig. 2,
possible deviations of the sample surface from a plane ovevhere we have plotted the measured crystalline coherence
macroscopic length scalése., figure erroy, could introduce length (¢) vs sputtering pressure for samples grown on Si
a systematic error in the reflectivity of up to 15%. In no case(both with and without Nb buffer layersThe value of¢ was
would the conclusions drawn below be altered by a systemdetermined from the width of the superlattice peaks seen at
atic error of this magnitude. high angles using the Scherrer formfland therefore rep-
The modulation wavelength for each sample may beesents lattice coherence in the growth direction. While both
found by fitting the observed specular scattering peak posisets of samples exhibit shorter coherence lengths at the larger
tions to Bragg’'s law with the inclusion of the refraction sputtering pressure, the trend is much more pronounced in

TABLE 1. Structure and CIP-transport characterization of Co/Ag multilay#@ms “x-ray samples’) produced at various sputtering
pressuresp,,, andR, refer to the properties of the multilayer alone, having accounted for the contribution from the Nb buffer layer when it
is presentA ando, are expressed in A, and the resistivity is expressed(ncm. All quoted transport values are based on measurements
performed in a field of 1.2 kOe and thus should be correlated with the atomic structure, not the magnetic structure, of the multilayer.

R (200 K) 1o Rm (200 K)
Psputt (MTorr) Buffer A (1 A) R(12K) =" Rm (12 K) pm (12 K) (€ cm) o, (x0.3 A
0.86 None 106.6 1.31 1.31 1% 11.4-10% 0.8
2.5 none 112.0 1.41 1.41 1% 6.8-10% 1.3
5.5 none 113.4 1.24 1.24 1% 17.6-10% 1.4
10.0 none 125.9 1.20 1.20 1% 14.5-10% 1.4
0.86 Nb 104.6 1.96 1.1810% 9.8+15% 25
25 Nb 106.2 211 1.7610% 4.7-15% 4.6
5.5 Nb 106.9 1.88 1.0810% 9.1+15% 3.8

10.0 Nb 120.2 1.92 1.3810% 5.0:15% 3.9
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FIG. 2. Crystalline coherence lengtl§) (as determined from '
peak widths in high-angle x-ray diffraction using the Scherrer equa- "
tion) for Co/Ag samples deposited on Si under various sputtering 10 3
pressures. The variation @f with pressure is much stronger in
; >
samples prepared without a Nb buffer layer. E 10-4 |
=
: . . o
the samples without the buffer layer. It is interesting to note Qo
that ¢ is not linked in any simple way with the overall inter- 31:') 10 ¢
facial disorder since samples grown on the rough buffer layer
exhibit a shorter coherence length at low pressures, but a 10° |
longer coherence length at high pressures, than samples
grown directly on Si. The sputtering pressure dependence of =
& must therefore reflect a compromise between the compet- 10 -0.0035

ing influences of the incident atom enengyhich varies with
sputtering pressujend substrate roughness on the structure ) )
of the growing film. This appears to be a subject worth fur- FIG. 3 Rocking curves at_the second-order maX|mum_for rep-
ther investigation. resentative samples growa) with a Nb buffer layer andb) with-

The nature of the disorder at the interfaces in thesé’m a Nb buffer layer. The number beside each curve gives the
sputtering pressure used for producing that sartiplenTorr). The

samples determines the distribution of diffuse x-ray scattery indicates the aporoximate position of the Yoneda peak. which
ing in reciprocal space. Unfortunately, a complete quantita- . € approximaie p . peax, whi
- . . - . - arises when either the incident or outgoing angle equals the critical
tive analy5|s of the d|ffuse. sc:_;lttermg from m“'t."ayers IS n.OtangIe for external reflection, and th# indicates the Bragg-like

yet possible due to complications from Qynamlcal Scat,te”nQnuItipIe-scattering peak, which arises when the incident or outgo-
effects and the need for accurate modeling of both the mstrqhg angle is equal to the Bragg angle for the first-order peak. Suc-

mental 4r2(3$oluti0n function and the disorder in the qggive curves have been multiplied by 2.5 to offset the diffuse
sample?*?” On the other hand, a number of authors havescattering for clarity.
pointed out recently that qualitatiyand in some cases semi-

quantitativg information regarding the correlation; exhi.bited sputtering pressures with and without the Nb buffer layer. In
by the disorder may be obtained from this diffuse this figure the data have been corrected for variations in the
scattering:>**?®For instance, the offset scattering shown ineffective scattering volume as is varied® as well as the
Fig. 1 exhibits a trend similar to that discussed above for thegrrections applied to the data shown in Fig. 1. The most
crystalline coherence length. For the samples grown on Sipvious feature in these data is that the central coherent scat-
without the Nb layer, the off-specular scattering is more ho+ering peak is more intengeoth in absolute terms and rela-
mogeneous(indicating weaker vertical correlations in the tjye to the diffuse backgroundn the samples grown without
roughnesgat the higher sputtering pressure. The same bey Nb buffer layer than it is for those grown with the buffer
havior is seen for samples with the Nb buffer but in this|ayer. Savaget al. have suggested that the amount of rough-
series the dependence on sputtering pressure is much weakgiss that is correlated from one interface to the next may be
(as can be seen most easily by comparing the offset data fefetermined from the ratio of the integrated intensity under
curvesc andd in Fig. 1). These observations are consistentinis coherent peak to the diffuse scattering integrated

with a view that increasing the sputtering pressure leads tthtensity!® The vertically correlated roughness may be com-
rougher film growth and this, in turn, reduces the verticalpyted as

correlations between the interfaces in the multilayer.

Correlations along each interface may be probed by look- [In(re+1)]%2
ing along a direction perpendicular to the growth axis in Ucorr:q—’ (3.9
reciprocal space. This is done, to a good approximation, by z
performing rocking curve measurements in which the scatwhere g, is the momentum transfer at which the rocking
tering angle is kept fixe¢at 26) while the incident angléw) curve was taken and, is the ratio of the integrated diffuse
is varied from 0 to 2.1>?*Figure 3 shows rocking curves at intensity to the specular integrated intensity in the rocking
the second-order peak for samples grown at four differenturve:
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This interpretation is somewhat naive since some vertical
correlation is automatically imposed by the periodic
structuré?® and the level of correlation in the vertical direc-
tion will be different for different lateral spatial
frequencie€® Such measurements are also subject to system-
atic errors introduced by multiple scattering effe(tach as
those leading to the small “Bragg-like” pealfsseen inside
the Yoneda peaks in Fig).3

With these qualifications in mind, the above procedure
can nevertheless provide useful insight into the evolution of
vertical correlations within a series of samples. The last col-
umn in Table | gives the average values for the correlated
roughness as determined from E@8.1) and (3.2). From
these numbers we can reach two conclusions. First, there is
more vertically correlated roughness in samples with Nb H (kOe)
buffer layers than in those grown directly on Si. The num-
bers foro, in Table | thus give a quantitative description of  FIG. 4. MR curves, measured at 4.2 K, for samples with the
the strength of the coherent peak relative to the backgrounstructure[Co(3 nm)/Ag(8 nm)],, deposited on $001). The solid
(discussed gualitatively aboxélhere is a small maximum in curve represents a sample deposited at 2.5 mTorr while the dashed
the value of the correlated roughness at a sputtering pressugarve is for a sample deposited at 10 mTga).displays data taken
of 2.5 mTorr. A similar small maximum is seen in the re- in the CPP geometry whiléb) displays data collected in the CIP
sidual resistivity ratio, as seen in the fourth column of thegeometry. Note that MR is defined differently for CPP and {siée
table. Thus, growth at 2.5 mTorr provides a slightly moreEds. (3.3 and(3.4)].
ordered sample than growth at other pressures, and some of o
this increased order appears as enhanced vertical correlatioff4/ghness exponetit We are unable to distinguish between
among the interfaces. The correlated roughness in thé€se two possibilities on the basis of the present data.
that this maximum cannot be seen over the noisegibutit ~ With sputtering pressure in these samples may be summa-
is visible in the residual resistivity ratio for these samples. fized as follows. The Nb buffer layer introduces a large
sure can be seen in the diffuse scattering in Fig. 3. Thigglatlons between the Q|sorder at thg m_terfaces in these mul-
consists of a broadband of diffuse scattering under each cdllayers. As the sputtering pressure is increased, the growth
herent peak along with a pair of Yoneda pedkse near Of the multilayer itself becomes rougher, reducing the
both extremes of each scan produced by a standing Wa\;grength of th_ese vgrtlcal correlat|(_)ns. This mc_reased disor-
see a weaker set of “Bragg-liké® peaks arising from mul- gffect is a small maximum in the overall ord'er for the mul-
tiple scattering when eithef,, or 6, is equal to the Bragg t|Iay_ers grown at 2.5_ mTorr. '_I'h!s_extre_mum is detectepl as a
angle for a coherent peak in the specular scan. For thE@ximum in the re_5|dual resistivity rat|q and is al_so V|S|b_le
samples with the buffer layer, there is a well-defined platead the average vertically correlated portion of the interfacial
between the Yoneda peaks that flattens out as the pressure'@ighness for samples grown on Nb buffer layers.
increased and eventually rounds out as the pressure reaches
10 mTorr. The presence of this plateau and its variation with B. Magnetotransport

pressure indicate that much of the increased roughness intro- Figure 4 shows both the CPP and CIP MR cur¢eea-
duced by the buffer layer is replicated from layer to layerg aq at 4.2 K for two samples, deposited at 2.5 and 10

during growth, but this replication becomes less precise ag,tqr respectively, on §)01) substrates. Here MRY{) is
the pressure is increased. For the samples without the b“ﬁgfefine’d as ’

layer the multilayer grows on a much smoother surface an

(3.2

CPP-MR(%)

CIP-MR (%)

there is less roughness to be carried throughout the structure [AR(H)—AR(Hg)]

so this feature is correspondingly weaker. Note that, inde- MR(H)= [AR(Ho) — 2AR,] (%) (3.3
pendent of the presence of a buffer layer, the width of the S

diffuse scattering broadens as the sputtering pressure is ifor CPP, and

creased. This width is inversely related to the width of the

lateral correlation function for that part of the roughness that [R(H)—R(Hg)]

is correlated from one interface to the next. Within the model MR(H)= T R(H9 (%) (3.9

of self-affine structures commonly used to describe such in-
terfaces, this latter width can be reduced either by shorteninfpr CIP. H is the applied magnetic fieldd 5 is the field at
the lateral correlation length or through a reduction of thewhich the resistance saturates~1.25 mnt (the overlap
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FIG. 5. Magnetization as a function of magnetic field, measureds ,pqenved that a marked sputtering pressure dependence of the
at 12 K, for two multilayersdeposited at 2.5 and 10 mTar(@ gl scale arises only for those samples with Nb contact layers on
and (b) d|sp|ays. data taken using the C,:PP an_d CI_P part of thG’ooth sides of the multilayer, and even then this dependence appears
sample, respectivelysee text The behavior at high fields in the . a4 10w temperatures. Open symbols represent data collected at
measurement of the CIP part of the sample grown at 2.5 mTorf,,; o mperaturegwith the precise temperature chosen according to
probably is the result of the diamagnetic signal from the substratg hether the Nb layers needed to be normal or superconducting for
and is not of importance to the present study. the measurementand the closed symbols show data collected at

300K.[0,Hp at 4.2 K;O, Hc at 12 K; A, He at 5 K, @, Hc at 300
area between the two Nb stripand 2AR,=6.1 fQ m?isthe  K; ¢, Hc at 12 K. In(a) all samples have a Nb buffer layer, and all
sum of the two CPP boundary resistances between Co arekcept those represented by tkes also have an additional Nb
the superconducting N quantity that has been measuredoverlayer.Hp refers to the position of the peak in the MR curve
previously?). Looking at the figure, it is possible to define (see Fig. 4 whereasH refers to the coercive field measured in a
two different magnetoresistance ratios: MR denoting  direct measurement of the magnetization.
the magnetoresistance referenced to the virgin state in which
the sample was initially prepared with=0, and MRHp) seen for the 10 mTorr sample in Fig@ The remaining
for the magnetoresistance referenced to the “peak” state gdarts of the patterned samplése., those portions without
H=Hp, the field at which the resistance is maximum afterthe Nb buffer and overlaygmwere also measured and the
cycling to aboveHg. As seen in Fig. 4, both the magnitude resulting data are shown in Fig(t§. The data in Fig. &)
and the shape of the MR curves are sensitive to changes thus represent that part of the sample that dominates the MR
the sputtering pressure for both the CPP and CIP geometriemeasured in the CIP configuration, and they confirm the
The change in shape is most easily characterized as changasich reduced sputtering pressure dependence for the coer-
in the value ofHp. cive field in this case.

The most striking feature in Fig. 4 is the difference in the  Figure 6 shows the variation with sputtering pressure of
dependence oHp on the sputtering pressure for the two both theHp values determined from the magnetotransport
current configurations. In an attempt to understand this difand the coercive fielddH:) determined from magnetization
ference, the magnetization was also measured as a functioneasurements. The figure confirms the strong correlation be-
of magnetic field. Representative examples of these data ateeenHp andH., and also makes evident the distinct dif-
shown in Fig. 5. This figure shows the stabilized magnetizaference between the samples used for the CPP and CIP mea-
tion (M) curves, measured at 12 K, for samples produced asurements. This phenomenon is not simply associated with
2.5 and 10 mTorr. For these measurements no ititjptate  the growth processes on the Nb buffer. Samples grown on a
could be recorded since the samples had previously beeadb buffer layer, but with no overlayefi.e., pieces taken
exposed to external fields in the MR measurements. To makieom the corresponding Nb-buffered “x-ray samplessx-
direct comparison with the CPP-MR data possible, the cenhibit a coercive field that is essentially independent of sput-
tral square of the CPP sampléhat portion sandwiched be- tering pressure and comparable to that found in samples
tween the Nb contact layersvas cut out from the patterned without the buffer layer. Moreover, a marked dependence of
samples after all transport measurements were made, and the (or Hp) on sputtering pressure is seen only in measure-
magnetization of only this-1.25 mnt section was measured ments made at low temperatures on multilayers sandwiched
[Fig. 5a)]. Comparison of the MR4) and M(H) curves between Nb layerssee theD and] symbols in Fig. 68)]. In
shows that the hysteresis cycles follow each other closelycontrast to this, when these same samples are measured at
and the position of the peak in the MR approximately coin-300 K [filled circles in Fig. §a)], the coercive field is essen-
cides with the coercive fieldH:). The increase in the coer- tially indistinguishable from the measurementstbf and
cive field with Py, is evident in the wider hysteresis loops Hc on samples without the two Nb layefsr those with only
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FIG. 8. The field-saturated specific resistan&&Hs) and
field-dependent specific resistand& R(H,) (for both the virgin

Psputt (mTOI'T)
FIG. 7. Magnetoresistance ratio as a function of sputtering pres‘ffmd peak” stateg measured in the CPP geometry at 4.2 K for

sure for measurements in the CRipen symbolsand CIP(closed Co/Ag multilayers deposited at various sputtering pressures.

symbolg geometries. Diamonds show MRg) and circles show o . . .
MR(Hp). In all cases the symbols provide an upper bound on the Although it is a quantity of considerable technological

uncertainty in the measurement itself, while the scatter gives afhterest, the MR ratio itself is not the most useful quantity to
indication of the variation from sample to sample. The larger rela-Study when trying to understand the relationship between

tive size of the percent scatter in the CIP geometry and virgin stat§tructure and transport since it is sensitive to both the field-
CPP data is discussed in the text. dependent resistan¢the numerator in Eqg3.3) and(3.4)]

and the resistance &tg (the denominator in the same equa-

the buffer layey. This indicates that the difference betweentionsf)' Tp distingujsh between these two dependences, we

the behavior oHp in the CPP and CIP measurements arise?IOt in Fig. 8 thle fleld-fdeperr:dentcand fmld—saturate% specific
: : istance values for the PP measuremehig.

from thermally induced stress imposed by the two Nb IayergeSIS ~ B ) '

as the sample temperature is lowered. As discussed in tH%AIE(HX).;hAE(HX) HAR(ES) ang’;\R(HS) ;N'tth Htxhr?pre- I

preceding section, the samples prepared at higher pressur%%n ing eitheHp or Ho]. Figure 8 demonstrates that small,

are more disordered and hence more susceptible to streé%gt measur.able, ch.anges oceur in boffiR(Hs) and .
induced changes in their magnetic properties. AAR(Hp) with changing sputtering pressure. The scatter in

The CPP and CIP MR are plotted as a function of thethe AAR(H,) data is too large to draw any conclusions on

sputtering pressure in Fig. 7 as open and closed points, rét_s variation with sputtering pressure. Once again in this fig-

spectively. The MR is plotted for both the virgin stdtee.,, ~ Uré the symbols provide upper bounds on the size in the
MR(H,)] and the “peak” stat§ MR(Hp)]. In all cases the uncertainty of the measurement itself while the scatter indi-

relative uncertainty in the measurement of the MR itself isCat€S the sample-to-sample variation. From Fig. 8 we see that
on the order of 5%the size of the symbols in the figyrer the (rqughly 45% decreasg of the MR{(;) signal with in-

less, but the data show greater sample-to-sample variatigJ€asing pressure arises in roughly equal measure from a
than can be accounted for by this. For the CIP measurd20+=5%) decrease IMAR(Hp) and a (24-5%) increase
ments, a possible origin of the variation from sample to'" AR(Hs).

sample is slight shifts of the substrate under the mask as the Unfortunately AAR(H,) and AR(Hs) each depend on
samples are shuttled from one source to the other durin§Oth Spin-dependent and spin-independent scattering so this
growth of the multilayer. Since the CPP measurement probesMPle breakdown of the changes in MR does not shed direct
only the central section of a larger circular multilayer light on the impact of structure on spln-dependent scattering.
sample?? it is much less susceptible to such shifts than is thé2" the other hand, unlike CIP measurements, with CPP stud-
CIP measuremerisee Fig. J. As a result, with the exception €S itis po_ssmle to construct_a q_uantlty that depends directly
of one of the 0.86 mTorr samples in the virgin state, the CPP" the spin-dependent contributi&h:

measurements show significantly less percent scatter than do
the CIP measurements. For this reason in the following we VAAR(H,) X AR(H,)=(N+1) Bpgdcot 2NYARE yaq-
concentrate on the CPP results. Previous wbhas indi- (3.5
cated that the virgin state typically provides the best approxi-

mation to an antiparallel alignment of the magnetic layers in HereN is the number of bilayers3 and y are the spin-
samples such as theg$ahere the magnetic layers are un- asymmetry scattering parameters for bulk Co and the Co/Ag
coupled. The steady-state behaviGafter cycling to fields interfaces, respectivelye, is the thickness of the individual
aboveH ) is quite similar for both 0.86 mTorr samplésee ~ Co layers,p¢, and AR, 4 are suitably spin-averaged resis-
Fig. 8), so we attribute the anomalous CPP-NR] pointto tivity and specific interface resistance, respectivélys the

an unexpectedly small antiparallel fraction in the virgin statesample area as previously defined, ahdrepresents either

for the CPP section of one of the samples. In general, withitHy or Hp. The reader is referred to Ref. 22 for a more
this series of samples, the CPP-MRY) is larger but exhib- complete discussion of this equation and the parameters ap-
its more scatter from sample to sample than does theearing in it. For our present discussion it is important to
CPP-MRHp). note thatB, p¢,, 7, andARE, s, €ach will take on different
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o M " =2p&d1+(—)B] and ARA=2ARE ] 1+ (=) 7],
=120 4 = . where| (1) refers to a spin antiparalléparalle) to the local
ol . \Ho ] magnetization. In this form one sees that a plot of the left-
[ 8o ? o o hand side vs sputtering pressure is a direct indication of how
;E 8y this deposition parameter influences the spin asymmetry of
% 6w Hr : the scattering. Equatiof3.6) explicitly shows that if disorder

) al simply adds additional scattering that impacts both spin
ﬂé channels equally, such disorder will not change the left-
< 27 hand-side quantity. Conversely, if changing the sample struc-
- O 15 12 ture has a different impact on the majority and minority

spins, then this should show up as a finite slope in a plot such
as Fig. 9.

FIG. 9. The left-hand side of Eq3.5, determined using both _ Wg"e 'tlo'ls Possf'b'e that the d”eg“lg'b'e S'I‘l’p.e Obsfer"ed n
the virgin state M, filled pointg and the peak stateHE, open Ig. 9 coulld arise from an accidental cancelfation of compet-

points data, plotted vs sputtering pressure. The circular points givdnd rends for the antTiparaIIeI f[actior) in th, (or Ho) state
the predicted values for the plotted quantity based on parameter%nd the d'ﬁerer_‘C@Rchg_ARCWAg’ It IS much more pfob'
published in an earlier study of samples prepared at 2.5 mTorr wittRPle that the disorder introduced at higher pressures simply

the error bars indicating the range allowed by the uncertainty in théCréases the scattering in both the up and down spin chan-
values of those paramete@ef. 22. nels[demonstrated by the increaseAmR(Hg) with pressure

seen in Fig. 8 without affecting their difference. A similar
cancellation between competing trends in the bulk and inter-
facial contributions is also possible but even more unlikely
given the relative size of the contributions from these two
terms. Although the observed slope for the peak state data is
not inconsistent with this view, it is large enough to suggest
that further investigation of this system with a study in which

Pyuw: (mTorr)

values for theH, andHp states(since the level of antipar-
allel alignment for the magnetic layers differs in these two
state$. Equation(3.5) also suggests that if eith@ or y (the
two quantities of most fundamental interest to GMRange
as the structure of the samples changes, then we would e

pect the (measurement-derivedjuantity on the left-hand ¢ interface structure and the antiparallel fraction are more
S|de_ of Eq.(3.5) to depend on the sputtering pressure. directly controlled may be worthwhile.

Figure 9 is a plot of the left-hand side of E(@.5 vs It was pointed out in the Introduction of this paper that the
sputtering pressure for both the virgin and peak state MRsensitivity of the spin-dependent scattering to the details of
data. For both states, the plots are consistent with a zefigterfacial structure is one of the outstanding unanswered
slope (the observed negative slope for the peak state datguestions in the GMR effect. Two competing ideas have re-
differs from zero by only two standard deviatiogn#\lso  cently been put forward on this question. For Fe/Cr multilay-
plotted in Fig. 9 is the right-hand side of E@®.5) calculated ers, Belia et al® have suggested that step edges may en-
using the parameter values listed in Ref.(2Btained froma hance the GMR while interdiffusion and short-range
previous batch of samples all grown at 2.5 mJdar both  roughness may reduce the effect. On the other hand, a recent
the peak and virgin states. The agreement between this calalculation by Zhang and Levy indicates that simple inter-
culation and the results for the samples grown for this studynixing at an interface can actually enhance spin-dependent
is another indication of the overall reproducibility of samplesscattering®® The present study finds no correlation between
used in these CPP studies. In computing this predicted valu@creased interfacial disordéwhich in our case probably
for the peak state CPP-MR, the two terms on the right-hanghcludes both topographic and chemical disoyderd spin-
side of Eq.(3.5) have values of 0.8 and 7.0fm? respec- dependent scattering. Moreover, the spatial frequencies
tively, which indicates that the spin-dependent scattering isieeded to distinguish directly between simple intermixing
predominantly(90%) at the interfaces in these samples. Aand a large concentration of step edges are beyond those
similar dominance by the interfacial term is seen in the preqvailable to low-angle off-specular x-ray scattering. Thus,
dicted value for the virgin state as well. the current work is not able to distinguish between these

Since the right-hand side of E(3.5) combines the spin- competing ideas regarding the effect of chemical disorder on
asymmetry parameteg@and y with the corresponding spin- spin-dependent scattering. This work does indicate that the
averaged specific resistance§itc, and ARE,/aq, the sepa-  Co/Ag system is an attractive one for further investigation of
ration of spin-dependent from spin-independent scatterinthe connection between interfacial structure and magne-
accomplished by this equation is somewhat obscured. Aotransport, while it also displays the unique features that the
simple rearrangement of the equation makes this featur€PP geometry brings to such a quest. The present results
more clear, also emphasize the important role that the current-voltage

i contact layer can play in determining the structure and prop-
P —p )t erties of multilayers when performing CPP measurements.
4 co This feature must be taken into account in future studies
| ) using the CPP geometry to relate structural changes to the
ARColAg_ARCo/Ag> spin-dependent scattering in GMR systems.
7 .

VAAR(H,) X AR(H,)=(N+1)

+2N

3.6 IV. CONCLUSION
' Like other systems investigated previously, Co/Ag multi-
In obtaining Eq.(3.6) we have used the identitiqﬂcg) layers are seen to exhibit film growth that leads to rougher
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interfaces at higher sputtering pressures. The crystalline ceffect, and for the “peak” state this decrease is found to
herence(as measured by the width of high-angle diffraction come in roughly equal measure from an increase in the satu-
peaks decreases monotonically with increasing pressure, butation resistance and a decrease in the field-dependent resis-
the structural order in the multilayefas measured by the tance. Unlike previous studies investigating the connection
residual resistivity ratio and the roughness that is correlateBetween interfacial structure and GMR using the CIP geom-
from one interface to the nexexhibits a shallow maximum etry, the present CPP study is able to conclude that this de-
near a sputtering pressure of 2.5 mTorr. It has also beegrease in the MR is likely due primarily to an increase in

observed that the Nb |ayerS Ulsed to make electrical contact in-independent Scattering rather than a Change in the Spin-
the CPP-MR measurements influence both the structure a pendent Scattering at the interfaces in the Samp|es‘

magnetic properties of the multilayers being measured. The
magnetic properties of the rather disordered multilayers pro-
duced at high sputtering pressures are altered by these Nb
layers through thermal stress-induced changes to the multi-
layer’s coercive field. The lower Nb contact layer is quite  This work was supported by the NSF through Grant Nos.
rough. This imposes a significant amount of vertically corre-DMR94-623795, DMR94-00417(MSU), DMR93-14018
lated roughness on the interfaces of the multilayer, and alsgU), MSU CFMR, MSU CSM, and Ford Research Labora-
has an impact on the growth of the filteeen in the crystal- tory. The authors would also like to acknowledge J. Bass for
line coherence lengihThe dominant variation of the GMR many fruitful discussions on this subject and comments on
ratio with sputtering pressure is an overall decrease in théhe manuscript.
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