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Three classes of giant magnetoresistancel @a)/Cu(2.1 nm multilayers were sputter grown with
different microstructures in respect to grain size and interface roughness, depending on deposition
conditions. Magnetization and current in-plane giant-magnetoresist@M®) isothermal loops

reveal an unusually high increase of coercivity from 280 down to 5 K. In addition, a systematic
variation was observed in the temperature dependence of the indirect exchange coupling as the
Co—Cu layering is modified in the three classes of Co/Cu multilayers. Specifically, the temperature
dependence of the saturati@witching field in the GMR-loops, and the indirect coupling strength,

vary as {T/Ty)/sinh(T/Ty) whereas the spin-blocking temperatiirgis found equal to 841), 96(11),

and 10%10) K for class A, B, and C multilayers, respectively. These results indicate that the
desirable low hysteresis appears in the GMR loops at room temperature because the spin structure
becomes unstable above the obtainggl due to domain wall fluctuations. Such magnetic
fluctuations define a short—range order state abiy¢hat depends on Co—Cu intermixing and
geometric factors of the grains. @000 American Institute of Physid$0021-897@0)03619-7

I. INTRODUCTION elusive mechanism between the microscopic origin of the
GMR phenomenon and the film morphology.
Since the first reportsfor enhanced giant-magneto- For GMR sensor applications, besides the GMR ratio

resistance(GMR) amplitudes in Co/Cu multilayeréMLs)  and the switching field range, equally important is the signal-
the related research has been focused on the interlayer eg-noise ratio as well. The excessive flicker of hbise has
change coupling mechani$if and the possible applications been found to be of magnetic origin in GMR sensors. The
of Co/Cu GMR devices. The maximum GMR amplitude source of this excess noise level with the applied dc-fi¢ld
(~60%) at ambient conditions was observed in sputterethas been attributédito thermal excitations of the magneti-
(polycrystalling Co/Cu MLs" with (111) texture whereas its  zation direction. Therefore, the physical origin that creates
GMR ratio and bilinear exchange coupling strendth. 0s-  low hysteresis in the GMR response function should also
cillate with decaying amplitude as the Cu layer thicknessaffect the 1f contribution that depends bhthe applied dc-
(tcy varies, giving maxima that correspond to antiferromag-magnetic field.
netic (AF) coupling between adjacent Co layers. Thus when  Earlier studie$'’in GMR Co/Cu MLs at the second AF
these MLs are of such thickness as to be AF coupled then gyaximum, that exhibit low-hysteresis at about 290 K, have
reduction of the magnetoresistance occurs if they are subshown a dramatic increase of hysteresis below 100 K. These
jected to a magnetic field parallel to the interfaces, whereas gsylts imply that, while the activation energy for magneti-
minimum value is observed at a saturati@r switching  zation reversal is reduced by a decrease of Co layer
field Hg where the spins between adjacent magnetic layerghicknes? (tcy) Or by Co—Cu alloying® it remains large
come into alignment. relative to thermal energy at low temperatures. So far the
The large GMR ratios and the relatively large sensitivity properties of the micromagnetic state, that reduce hysteresis
to changes in magnetic fields, observed at the first two ARp the GMR loops at room temperature, are unknown.
maxima withtc,~0.9 and 2 nm, make these MLs potential  The aim of the present study is to investigate the micro-
candidates for use in sensor deviééowever, the unde- magnetic properties that result in low-field GMR by measur-
sirable hysteresis that appears in the GMR response functiqRg the temperature dependence of isothermal magnetic and
of the first and second AF maximum requires modification ofgpR loops in three classes ¢Co(1 nm)/Cu(2.1 nmik,
the Co/Cu compositiott® and of the film morpholog} in  MLs between 5 and 300 K. Such macroscopic measurements
order to achieve negligibly small hysteresis while maintain-incjude combined magnetostructural information. However,
ing adequate sensitivity for sensors. The possible technologinicromagnetic parameters such as lateral magnetic correla-
cal applications? that can emerge from the large GMR ra- tion length and roughness vary with temperature and are
tios observed in polycrystalline MLs with (111) texture, totally different**® from the corresponding microstructural
attract a great deal of scientific interest to investigate thﬁbarameters which remain unaltered in the examined
temperature range. A previous stdtijpas shown that these
dElectronic mail: christides@ims.demokritos.gr three classes exhibit different GMR ratios, hysteresis, and
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saturation fields at room temperature as the Co—Cu layeringl. EXPERIMENTAL RESULTS

is modified by the deposition_condit_ions. The, Was S€- A siyctural characterization

lected at the second AF maximum in order to avoid such

micromagnetic effects on hysteresis loops as those It is instructive to summarize the conclusions drawn
observed at the first AF maximum, due to growth of pin- from micro- or macrostructural techniques applied in previ-
hole defects and FM bridges in the multilayer structure.0us studies of these multilayers. The x-ray diffraction pat-
Since Co/Cu interface roughness affects primarily the interterns of classA, B, and C MLs exhibit an intense face-
layer exchange coupling whereas the grain size distributiogentered-cubi¢fcc) (111) Co—Cu peak and a wedR00) fcc
and the density of grain boundaries alter the magnetostatieeak, indicating that the MLs havd1l) texture. Selected-
energy then the temperature dependence of GMR and magrea electron diffractiofSAED) planar TEM patterns have
netic hysteresis loops can separate the major contributioBhownt™ that at right angles relative to Si surface there is not

from each one of the two structural characteristics. any preferred orientation of th@11) Co—-Cu planes for all
the examined MLs. However, for samplésndB the SAED

cross-section patterns shbwthat there is some degree of
Il. EXPERIMENTAL DETAILS preferred orientation in th€l11) Co—Cu planes relative to
the Si[200] direction only, whereas in clagd MLs they are
randomly arranged. Since bulk Co and Cu layers have simi-
lar densities £8.9 g/cnf) the small x-ray contrast results in

Three different microstructures dfCo(1 nm)/Cu(2.1
nm)Jso/Co(1 nm) MLs were deposited by magnetron sput-

te_rmg on S«ilOQ) sgbstrate;, as described n Ref. L. The'rweak satellite intensities around the foundamenitell)
microstructure is different in respect to grain size and inter-

face rouahness. depending on the deposition conditons Bragg peak which does not allow a superlattice refinement
U9 » aepending aep UL (SUPREX programanalysis @€ in Co/Au MLs. It should
An outline of the specific differences in preparation is given

here for a solid presentation of this work. Two parametersbe emphasized that in previous studies the microstructure of

were varied to produce the three clasgemmedA, B, andC) class A, B, and C MLs has been identified by TEM
. P measurement$ whereas clas8 MLs have been character-
of Co/Cu multilayers: (i) the surface roughness of the .

; ; 8apin. 59
Si(100) substrate, affecting the mode of growth) the ther- ized with nondestructive methods such®spin-echo®Co

. nuclear magnetic resonance(NMR)  (microscopic
mal contact of the substrate with the water cooled, support- : 8 .
; . : : echniqué'® and XRR measuremenis(macroscopic tech-
ing table that influence internal film stress. The base pressure

(3x10°7 Torn, deposition rates, and the Ar-gas purity nique as well. To extract some conclusions about the quality
(99.999% weré the same. Thus ,claﬁs multilayers were of Co/Cu interface roughness high resolution XRR measure-

grown on 100 nm SiQ buffer layer with less than 2 nm ments on clasé MLs are compared with XRR spectra taken

; in classB MLs.*®
root-mean-squaréms) surface roughness and direct contact Fioure 1 shows the specular XRR spectrum from cfass
of the substrate with the supporting table. Cl&&as the 9 P P

difference that the substrate was thermally isolated from the'vI Ls. An attempt to fit the experimental spectrum either with

) : an optical or a kinematical modélgave poor fittings. This
water cooled supporting tablextra internal stregswhereas .~ . : :
. I indicates that, due to incoherent absorptianomalous dis-
classC has in addition a roughefrms more than 3 nin

S . ersion effectgin the layer materials when GUa radiation
surface of the substrate. Transmission electron mlcroscopi

(TEM) measurementShave revealed column-like structures reI?;tig’ fi?tif]Op:]JSt::ga;ige%zzms'C:étmfnaﬂ?_';?eu\;ﬁd t];]c:ar aual-
with bimodal distribution of grain sizes. A 90% fraction of 9 P ' ’ q

: o : -ity of the recorded spectrum allows a straightforward inter-
columnar grains with sizes more than 15 nm is observed i) retation of the main structural features because there were
the sample called, for sampleB it is 70%, and in sampl€ P

is less than 50%. Thus a larger fraction of grains with size not detectable geometrical aberration effélctstroduced by

less than 10 nm appears progressively from sargie C. %he sample curvature. The first tV\_/cmé 1,2) sup_erlatnce
L Bragg peaks appear very intense with small full width at half
X-ray reflectivity (XRR) measurements were performed maximum, indicating sharp Co/Cu interfaces. In comparison
with a Rigakou diffractometer, using &, radiation from ’ 9 b : P '

a 30 kW rotating anode source and a RINT2000 wide anglésrlje ;gﬁiczp%crt;a obzt;rﬁ Itgncslii?essBo?mt_rfeS '2d cr)]rOthiShr?:r/
goniometer. The XRR scans were collected at ambient con- b 99 P 9

ditions between 0.400° and 8.000° with a step angle 0](:)rder and the amplitude of the interference fringes was sup-

0.008°, an 0.05 mm incident-beam divergence slit and a rep_)rgssed, |nd|cat|ng _that interface Co-Cu roqghnegs Is larger.
e : . - . It is worth mentioning that the zero peak intensity of the
ceiving slit of 5.0 mm. To obtain specular reflectivity condi-

tions the film was aligned by tracking first the grazing inci- 1vd order fn=3) satellite in Fig. 1 shows unambiguously

dent beam on the sample and afterwards the reflecteth]at both, the achievett, and the bilayer thickness, cor-

17 . . respond exactly at the position where the maximum GMR
beam.’ Magnetic hysteresis and GMR loops were measured_.." . ) . )

: . : ratio is expected at the second antiferromagnetic maximum
with a Quantum Design MPMSR2 superconducting quantumof Co/Cu MLs because
interference devicéSQUID) magnetometer between 5 and
300 K. The GMR measurements were performed with the
four-point-probe method using a dc current of 10 mA. All  A=tcyttee and to=2tce=>A~(3/2tc, (1)
measurements were performed by first applying the maxi-
mum positive fieldH parallel to current flow direction and and the angle-depependent structure fadigy,,) at the
then completing the loop. Bragg-anglef,, become&
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are exactly at the second GMR maximum position makes

107 6 meaningful the analysis of the observed temperature depen-
B dence in the following sections.
€4 i Other important differences in film morphology can be
= traced from XRR spectra by measuring the critical reflection
s N:; angled. . Beyond the region for total reflectigplateau the
10 L -52 ,,,,,, . maxima and the minima of its interference fringes can be
““““ 6,=0.47(1) related to the total film thickness by the modified Bragg
0 ) thiCkIlICSS=95(l].) nm equatioﬁz
0 400 800 . 5 o2 r2
10° L (n-+AD)? Sir? 6;= 65+ (n;+ An)?\2/4t7, 3

where g, is the position of the maximum or minimum inten-
sity of theith interference fringen; is an integerAn is 1/2
and 0 for maximum and minimum, respectively. The insert
in the upper part of Fig. 1 shows data for the refinement of
forty minima and maxima of well defined interference
fringes between 1.20° and 2.72°6h A t;=95(1) nm and a
0.=0.471)°, with numbers in parantheses being the stan-
dard deviations, are obtained by least-squares refinement
(solid line) of the 6; positions using Eq(3). The difference
between the nomindl=94 nm and the estimatet is within
the accuracy of the standard deviation limits {%) while
the Bragg-peak positiongig. 1) give aA=3.08 nm. How-
ever, the estimated electron dengity=12.4 g/cni from the
obtainedd.(~ \/pe) is much larger than the bulk Cu or Co
density of about 8.9 g/chh which correspond to af,
~0.4°. Since the observed interference fringes indicate a
small rms interface roughness, then the over-estimatiah of
(pe) by the modified Bragg equation may arise from the
different reflectivities reportéd between interfaces with
small and large values of the lateral correlation lengtiihe
difference between surfaces with small and large values of
can be a factor of two in specular reflectivity, whereas for
£>100 nm an ill-defined),, region appear$’ In accordance,
atomic force microscopy measureméntsn the substrate
surface prior deposition and on the film surface revealed that
classA MLs have atomically smooth substrate—film inter-
faces whereas both surfaces exhibit a long-range waviness
with average periodicity of about 100 nm. Thus the over-
estimatedd, can be attributed to largé
In contrast a detailed XRR study of claBsMLs has
o——t— L | showrt® that both, Co/Cu interface and lateral correlation
2 4 function C(£) roughness are governing their layer morphol-
206 (deg) ogy, while TEM measuremertfsshow that class<C MLs
exhibit a large geometrical and chemid&o—Cu mixing
FIG. 1. The bottom plot shows the XRR spectrum from clés$/Ls roughness. Thus, increase of film roughness from latss
whereas the plot on top shows an enlargement of the spectrum, with a cleg \) s js an unavoidable result of the larger fraction of small
view of the interference fringes used in the calculations. The inset shows the . . .
0, positions(circles used in Eq(3) and the best fit line. grain sizes that changes the overall film morphology. How-
ever, increase of Co/Cu interface rougnhess weakens the
magnitude of interlayer exchange coupling within each co-

Intensity (log. scale)

1 lumnar structure whereas a larger fraction of small grains
A Mt o makes the magnetostatic contribution an important dipolar
F(em):_sm A (d’Cu_ d’Co):F(em) . g . p p
™m energy term in the total magnetic free energy that determines
3tc omar the micromagnetic state of the film. In the following sections
= 27_rr:]sin{ T] (Pcu— Pco)=0 if m=3,6,..., (2) itwill be shown that the two different magnetic contributions

in the GMR and magnetization hysteresis loops can distin-
where ¢, and ¢, are the scattering amplitude densities for guish the effect of interface roughness from grain size effects
x rays of a particular wavelength. The fact that, and A in the temperature dependence of the two data sets.
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FIG. 2. The isothermaM/M¢—H loops of classA MLs are shown for

clarity at three different temperatures only. Schematic views of the proposegt|G. 3. The isothermaM/M —H loops of classB MLs are shown as a
domain structures are shown at the remriapper plo} and demagnetized  function of temperature. The lines are guides to the eye.
(down plop states.

be attributed either to creation of FM-coupled areas or to
self-stabilization of magnetic domain walls in Co layers after
Isothermal magnetization loops were measured betweethe multidomain splitting from the saturated st&té%In AF-
5 and 280 K. Figure 2 shows normalized magnetizatiorcoupled, sputter-grown, Co/Cu/Co sandwicfies high do-
(M/Mg¢—H) loops, withM¢ being the total saturation mag- main density state is realized at remanence when coming
netization, of sampl@ at 240, 40, and 5 K. The temperature from saturation. Also Co/Cu MLs grown by e-beam evapo-
dependence of th&1/M¢—H loops reveals a large increase ration exhibit® minor GMR loops with higher GMR ratios
of coercivity (H,) and saturation ) fields below 80 K. than the major loops, indicating that domain wall effects are
Above 200 K there is a negligibly small remanent magneti-predominant around the remnant state. Thus a configuration
zation (M,) and the loop shapes indicate an antiparallelwith parallel Nesl walls’” (Fig. 2 insel can account for the
alignment of magnetic moments among adjacent Co layers atbserved remanence in the case of the AF-coupled safnple
the demagnetized statédl(=0). Since the temperature de- At the center of such N& walls the average magnetic com-
pendence of these loops is more prominent in cBiendC  ponents point either parallel or antiparallel to each other be-
MLs, the normalized magnetization curves were plottedtween adjacent Co layers. Thus a larger fraction otINe
(Figs. 3 and #as a function of the applied field over tem- walls?’ with parallel moments can be stabilized in the rem-
perature ratioH/T. In nanostructured systems, that exhibit nant state of clasd MLs with decreasing temperature. This
an increase of hysteresis by decreasing temperature whikffect is due to magnetization reversal by wall motion when
their intrinsic magnetic anisotropy is negligibly small, the a high field is applied and then removed.
M/Mg versusH/T plots reveal the thermal energy lacked (ii) In sampleC the M, values are lying in the range of
from the magnetic configuration to complete equilibrium0.4 Mg (280 K) <M, (T)<0.8M, (5 K) while for B are
with the applied field during the measurement. A comparisorbetween 0.IM (280 K) <M, (T)<0.4M; (5 K). In these
of the observed loops in Figs. 2—4, reveal that MLs the largeM, values cannot be explained by the magne-
(i) ClassA MLs (about 90% fractioh' of AF-aligned tization reversal process that involves self- stabilization of
layers exhibit anM,<0.2M, for all temperatures and the Neel-type walls only. Since clas® andC MLs contain dif-
M, increases at lower temperatures. This increadd oan  ferent fractions' with small size columnar structures then

B. Magnetic measurements
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FIG. 4. The isothermaM/M —H loops of classC MLs are shown as a 60-A T =283(11) K
function of temperature. The lines are guides to the eye. o o B
9 L
minimization of the magnetostatic enerdjpng-range dipo- Q 40r
lar interactiong at grain boundaries results in FM-coupled E’o -
areas nearby the small grains. Energy minimization of a
Hamiltonian that involves short—range exchange and long— 200
range dipolar interactions has produtethermomagnetic 5 A
curves for the uniform magnetization and the domain order o 6
parameter of ultrathin magnetic films that resemble those in o, . | ) | . | . ;
Fig. 5 for certain grain sizes. Thus, it can be argued that a 0 70 140 210 280
short—range-order st&feappears at elevated temperatures,
where the domain walls fluctuate infinitely. This can explain T [K]
the observed decreaselMf above 100 K in the three classes

FIG. 5. The bottom plot shows the temperature dependence of the coercive
of MLS . . ) H. fields, obtained from isotherm&fi/M¢—H loops of classed\ (), B

(iii) In sampleC the number of required field-units per (0), andC (A) MLs. The solid line is the best fit using E@). The middle
Kelvin (H/T) for the magnetization reversal process is muchplot shows the temperature dependence of the normalized magnetization

higher than that of sampIB (FigS 3 and 4 This indicates observed in clasa, B, andC MLs. The lines are guides to the eye. The plot

. 11 . on top shows the temperature dependence of the square of the normalized
that the Iarger fraction of small grarlrisln classC MLs is residual magnetizatioM, /Mg, observed in classes, B, andC MLs.

responsible for the magneting hardening at lower tempera-
tures.

The normalizedM ((T)/Mq (5 K), [M,(T)/M]? andH, bly with random orientations of magnetic easy a%eSince
values are plotted in Fig. 5 as a function of temperature fothe observett variation in the bimodal distribution of grain
the three classes of MLs. Remarkably, thgis highest for  sizes affects the short—range exchange, the long—range dipo-
the AF loop of sampleA whereas the FM-like loops of lar interactions and the anisotropy energy as we move from
sampleC exhibit higherH. values than samplB. Such ef-  classAto C MLs, it may account for the different increase of
fects can be explained by trapping of magnetic moments i, andM, at lower temperatures as well. The most interest-
local energy minima of individual grains that form an assem-ng result is revealed in the temperature dependence of mag-
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netization which for the three classes of MLs does not follow 25

the linearT, or T32 or T? power laws. These laws were sl j? PS5 K L 280 K
derived for the cases of noncoupling, of FM and AF inter- I /
layer coupling, respectively, and obser¥tt in fcc Co/Cu 15

MLs at the first AF maximum, where the interlayer coupling

term is dominant. The observed disagreement with these 10

power laws in Fig. 5 is caused by the significant increase of 5 I

Mg below 120 K. An enhancement ol induce a signifi-

cant increase of the magnetostatic contributions in the long— 0

range dipolar energy term which has not been taken into 25_
account in the minimization of the intrinsic magnetic free 20

energy that leads to the specific power laws. Therefore, the

intrinsic enhancement d¥l by decreasing temperature cre- 15
ates an extrinsic increase of magnetostatic dipolar interac- 10'
tions due to geometrical grain factors introduced by the spe- I
cific microstructure. This extrinsic magnetostatic energy 7o 5

gives rise to a blocking temperature accompanied by signifi- é 0 [

cant increase of hysteresis below 120 K. § 25

C. GMR results 20T SOK|L 200K
Figures 6—8 show the temperature dependence of the 15[ &i i

GMR loops in theH||I configuration for clas®, B, andC 10'_ i i

MLs, respectively. The large reduction of GMR effect— i p I

observed among clasa, B, and C MLs—indicates that 51 -

modification of the magnetic disorder at the Co—Cu inter- lesgo? - 238g0! [ . Bog0a)

faces, due to changes of roughness, alters the amount of spin 2(5)

dependent scattering events. Usually, such effects Fésuilt - 120 K|t 160 K

strong temperature dependence of the interlayer exchange 20l i

coupling strength and the correspondiklg in the GMR i % i

loops. 5] d }L il
Accordingly, Fig. 9 shows that the GMR ratidsR/Rq 0r 7% - &

=(Rmnax— R)/Rs, with Rz« the maximum andxg the mini- j 3 ¢ i

mum resistance & ,.,.andHg magnetic fields, respectively, 5T 0‘?1, i

follow a quasilinear decrease with increasing temperature for 0 r ., . %@s

the three classes of MLs. Also Fig. 9 shows that the

exhibits a drop of more than 50% between 5 and 280 K, that

evidences the strong sensitivity of the indirect coupling H (kOe)

strength to temperature. Thesé, values were estimated

from the first derivative of the GMR curves, choosing theFIG. 6. The temperature dependence of the isothermal GMR loops is shown
. . LT for classA MLs.

highest absolute values of field where the derivative line be-

comes horizontal. However, the most dramatic change oc-

curs inHeqc values, where the three classes of MLs exhibit ) . ) )

a steep increase below 100 K. This effect is similar to thaforming an assembly of noninteracting domains at the rem-

observed in low-hysteresis GMR MLs with compositid§: ~ nant state. Application of the same model as for magnetic

[Co(0.25nm)/Cu(2nn), and  [CoyClys(1.1nm)/ nanoparticles can approximéatehe temperature dependence

Cu(2 nm)5. of He(T) by
Ho(T)=Hc(0)[1—(T/Tg)*], (4)

where Ty defines a blocking temperature above which do-

In AF-coupled Co/Cu MLs the demagnetized statelat main walls cannot be stabilized within the Co layers and the
can be achieved by domain-phase transformations during the (T=Tg)=0. Since the involved phenomena concern the
application of a reverse field, that make more and more dostability of micromagnetic states in polycrystalline MLs
mains and domain walls to vaniéhSince the strength ¢, then, in principle, the magnetic ripple blocking or lockifg
is associated with an intrinsic energy barrier that resists tanechanisms might be related to the physical origin of mag-
magnetization reversal during demagnetization, it is moreetization dispersion and the concepflgfin Eq. (4). Equa-
feasible to formulate its temperature dependence instead ¢ibn (4) is used to fit the observed (T) values of samplé
calculating the normalized loops. The size of the columnarand the solid line in Fig. §bottom plo} gives anH.(0)
graing? indicates that parallel Mg walls can be stabilized =82(3) Oe and aly;=283(11) K. As expected, Eq4)
near planar defects, such as columnar-grain boundariesannot fit the observed(T) values in clas8 andC MLs

-1.0 05 00 05 10-10 -05 00 05 1.0

IV. ANALYSIS OF THE RESULTS
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FIG. 8. The temperature dependence of the isothermal GMR loops is shown
FIG. 7. The temperature dependence of the isothermal GMR loops is showfor classC MLs.
for classB MLs.

. . cate that a different thermal coefficient is involved in the
because a fraction of relatively small, FM-coupled, Co/CuSecond term of Eq4)
. . LI 4).
grains (not domain wall coexists™ with the larger, AF-- The most important result is related to the temperature
coupled, columnar structures and the above apprommaﬂon&ependence dfl, (Fig. 9 as the Co—Cu layering is modified
are ngt Iogger V‘Z“d' iation o4 q — ) in the three classes of Co/Cu MLs. So far, two different
The ObServe variation ¢ andHpein Fig. 9 is com- approximations were used to describe successfully the tem-
parable with the strong temperature dependence observedB rature dependence of, in AF-coupled MLs. The first
2 S .
g_scaleh;): aboutl 1OOF}.< ?n;:(()j/Ru aorlna _Co(hlcp)/CuhMLs. assumébthat the temperature dependence originates from
m_cet_ peak V@ ules( ig. 9 Epen hprlman yforl‘lt € T:ag'bﬂuctuations in the spin angular momentum of the FM layers
nehza(;lon reversal process tb(;n they maﬁ/ 0 0(;” t edo rather than from electronic effects in the spacer layers, re-
serve te_mperature variation bf; (Fig. 5), that is erivec sulting in an analytical expression for the fractional decrease
from the isothermaM—H loops. Thus Eq(4) was used to fit of He~TInT, within the limits of spin-wave theory. The

the Hpeay values observed in clagsMLs. The solid line in o000y annr0ach assumes that the velocity of electroms
Fig. 9 is the best fit to square symbols, showing that@f. o eytremal points of the spacer Fermi surfakg governs

is a good approximation tel ., variation as well. It is worth he temperature dependence &, and the one-electron
noting that an exponential function does not fit the observe(ﬁnodeg predicts for the fractional decrease Hf that

temperature variation. The 20% differenceTgf values, ob-
tained between thél ¢, (Fig. 9 andH, (Fig. 9 fits, indi- [Hs(0)—H(T)/H(0)~1—[(T/To)/sinN(T/Ty)], (5)
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B best fits using Eq(5).
O
O
— a
I 18 O order of 100 K. In agreement, Fig. 10 shows that & fits
— O O the fractional decrease éf for classesA (crossey B (tri-
% | = angles, and C (solid circles MLs, using aT, of 84(4),
Qé 96(11), and 105%10) K, respectively.
According to Eq.(6) the ratiovg /kg should increase as
9 R Y ® o the T, values vary from 84 to 105 K and the Co/Cu inter-
* o L g V'S faces become more disordered in cl&sand C MLs. How-
® ® o ¢ °* o ever, it was observé@ that the use obr of Cu in Eq.(6)
® o gives theoreticall ; values which are an order of magnitude
0 L . 1 . 1 N larger than the experimentally observed. In[l@xagonal-
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T (K) cally dead interfacial Co regions, that could modify the ther-

mal evolution of the potential barrier, or fully confined
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