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Damage caused to interlayer coupling of magnetic multilayers by residual gases
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The oscillatory interlayer indirect exchange coupling in Co/Cu multilayers is known to be highly sensitive to
structural defects. In this paper the dependence of the antiferromagnetic exchange coupling on the background
pressure in the vacuum chamber is investigated. Co/Cu multilayers were grown by dc magnetron sputtering in
a system equipped with a leak valve to allow the introduction of low levels of air,oB@8low a relatively
narrow band of pressure the samples exhibit excellent antiferromagnetic coupling and consequently a high
giant magnetoresistance,40% for{Co(8 A)/Cu(8 A)}x 25 samples. Above this transitional band of pressure
no antiferromagnetic coupling, and hence no giant magnetoresistance, is observed. X-ray diffraction measure-
ments reveal no change of any significance in any of the layer thicknesses or roughnesses. Whilst the high-field
magnetic behavior is found to be isotropic in the sample plane, the reversal of the remanent moment around
zero field is found to show a varying degree of uniaxial anisotropy. Lower remanent moments are found to be
associated with a more isotropic reversal mechanism. A thorough characterization of the physical and magnetic
microstructure by means of various modes of transmission electron microscopy is presented. Cross-sectional
images reveal subtle changes in the crystallinity and layer quality of the samples as the background pressure is
increased. Plan-view Lorentz microscopy reveals that the isotropic reversal mechanism of the low remanence
samples involves a complete domain structure. The reversal mechanism of multilayers with a significant
remanent moment varies markedly with field direction and can be dominated by rotation or comparatively
simple domain processes. Samples with a significant giant magnetoresist@oéé and remanent fractions
~0.7 are found to still show highly anisotropic reversal mechanisms around zero field. Indeed when demag-
netized along the easy axis the samples are in a single domain state at remanence. This is compelling evidence
for substantial noncollinear ordering of the moments through biquadratic coupling.

. INTRODUCTION low levels of Q can be beneficial, at least in spin-valve
structures where the interlayer coupling is not necessary to
One of the most striking properties of the new generatiorypserve GMF.

of artificial magnetic multilayer materials is the oscillatory  \we have shown previously that a high level of cleanliness

indirect exchange coupling between two magnetic filmss necessary for a high GMR in Co/Cu multilayers, as re-

separated by a thin nonmagnetic spécé_or those thick-  giqual gases damage the film in such a way as to reduce the

nesses of spacer layer where the goupllng is amlfe”f)_ma%{miferromagnetic coupling Moreover, by selectively dam-

etic, the application of a magnetic field to such an art|1‘|<:|ala ing only certain parts of the sample with gas, we found

antiferromagnet can cause the system to undergo a metamq at the part of the multilayer most susceptible to damage is

netic transition. The a;somqted drop in electrical _reS|st|V|ty,[he bulk of the Cu spacer. This was accomplished by pausing
as the magnetic configuration changes from antiferromag-

netic (AF) to ferromagneti¢FM) is termed the giant magne- growth at a certain point in the multilayer stack and allowing
toresistance(GMR).2 As the layer thicknesses in such residual gases from the chamber to adsorb onto the film sur-
samples are on the nanometer scale, the preparation tecfice: Multilayers where the spacers are only lightly damaged
niques for such materials are exacting and few structural dg@y Still show appreciable GMR, although the remanence
fects can be tolerated. In general the consensus is that tfBay be considerable. The GMR ratio was always found to be
best quality structures are prepared under ultrahigh vacuufigher than would be dictated by a simple series circuit of
(UHV) conditions, although there have been few attempts tf\F and FM coupled regions in the proportions stipulated by
quantify the effects of background gases on the GMR andhe remanent fraction. In fact the GMR ratio is found to have
coupling of such materials. There is broad agreement thaa parabolic dependence on the remanent fraction, suggesting
H,O and Q are particularly damaging? Other authors find the possibility of noncollinear arrangements of adjacent layer
a more complex behavior, with the suggestion that certaimoments at zero field.Such noncollinear arrangements of

0163-1829/2000/66)/4131(10)/$15.00 PRB 61 4131 ©2000 The American Physical Society



4132 C. H. MARROWSet al. PRB 61

layer moments have been observed in a large number @fackground gas damaging the film, air o @as introduced
layered magnetic systems, and can be explained by the intrghrough a fine leak valve. The working pressure of 99.9999%
duction of a non-Heisenberg biquadratic term into the indi-pyrity Ar was 3.0 mTorr, introduced through an ultrahigh
rect exchange energy. This is to be compared with the altezacyum compatible stainless steel line. Typical deposition
native explanation of the nonzero remanance in poorly AF;ates were 2.6 A/s for Co and 2.9 A/s for Cu. A magnetic
coupled multilayers, where ferromagnetic bridges, Offig|q of 200 Oe was applied in the substrate plane during
pinholes in the spacer layers, are said to lead to a ferromaggo\th of the whole multilayer stack by a permanent magnet
netically coupled volume fractiohThis would lead to a do- array inside the chamber. To minimize uncontrolled changes
main structure at zero field, containing low-total-momenti, geposition conditions, groups of samples that are directly
(AF-coupled and high-total-moment=M-coupled regions.  compared were deposited in a single growth run.
Biquadratic interactions in multilayered systems continue || the samples discussed in this paper are of the form
to attract much experimental and theoretical attention. A"{Co(s A)/cu@ A)}x 25. The Cu thickness was selected to
most all investigated coupled multilayer systems have beepatch the first AF-coupling peak in the oscillation. No buff-
found to exhibit some degree of biquadratic coupling. Re ¢ or caps were used as we have found these to be unnec-
cently studied examples include Fef&f.Co/Aul! Co/lr 12 essary for good quality growth and sample longevity.
as well as systems with semiconductifi@/S) (Ref. 13 and  Growih was paused for 10 s in the middle of every Cu
insulating (e.g., Co/Al-O/NiFg (Ref. 14 spacer layers. gnacer, to allow residual gases to sorb onto the surface.

Many more can be found in a recent review by *\agnetoresistance was measured by the conventional
Demokritov. o four-probe dc technique. Magnetization loops were measured
The aims of the work reported in this article were two- by the Magneto-Optic Kerr EffettMOKE). The field was
fold:_ to d_etermine unamblguous_ly the zero-field momentalways applied in the plane of the sample. Low-angle x-ray
configuration of & sample showing reduced GMR, and catiering measurements were performed at station 2.3 at the
attempt to find evidence for the residual gas damage in th&ynchrotron Radiation Source at Daresbury Laboratbry.
physical microstructure. Towards these goals we employeg,q wavelength of x rays used was 1.38 A, close to the Cu K

various modes of transmission electron microscOp¥M)  apsorption edge. All of these measurements were performed
to image both the physical and magnetic microstructures ok; room temperature.
samples showing different interlayer coupling, and conse- tne samples grown on the window substrates were inves-

quently differing GMR ratios. tigated at the University of Glasgow in microscopes highly

Sequences of samples were grown on both ordinary $hyqgified to optimize magnetic-imaging conditions. The
substrates and §\l, window substrates that are suitable for physical microstructure was studied using conventional

plan-view TEM imaging. By application of differentimaging (pright-field) imaging and diffraction techniques. The mag-
modes it was possible to investigate the physical and magsetic microstructure was investigated using the Fresnel mode
netic microstructure of the samples without any furtherys | orentz microscopy® Fresnel imaging shows domain
preparation. The Iayered structure pf the sample was exaMa|ls as black and white line€wall contrast”). In poly-
ined by cross-sectional transmission electron microscop¥ystalline samples the magnetic dispersion gives rise to
(XTEM), imaging vertical slices of the samples grown on Si.\innje contrast which appears within domains as fine black
As the base pressure of the growth chamber was raised gq white lines running perpendicular to the mean direction
reduction in both GMR ratio and AF coupling could be ob- 4t magnetization. The magnetizing experiments were carried
served. These may be linked to changes in the low-field reg i in a modified Philips CM20 TEM with a field-emission
versal modes of the remanent moment, observed both magyn | this instrument the primary imaging lenses used
netometrically, and by micromagnetic imaging. In the i investigating magnetic samples are so-called Lorentz

following section of this paper we will describe the various jenses. By exiting the standard objective lens as appropriate,
experimental techniques used. We will then present the magy magnetic field is generated that is perpendicular to the

netotransport and magnetometric data for the samples, fokympje plane. Tilting the sample generates a well-known in-
Ipwed by the various electron m|_crographs. In the final S€Chlane field component which has the magnitude, ;jane
tion we shall draw some conclusions. = H opjectiveSina, With a being the tilt angle. The highest pos-
sible field Hip-piane=6X 10° Oe) was applied first to the
Il SAMPLE PREPARATION AND EXPERIMENTAL samples_before the opject|\{e Ie_ns field was reduced to the
TECHNIQUES value suitable for the investigation of the sa}mples)tgecﬁve
~90 Oe. Therefore while taking the magnetizing sequences
Samples were deposited by dc magnetron sputtering in the samples were only subjected to a very small vertical
custom-built vacuum system at the University of Leeds. Thefield.
system is equipped with six sputtering targets and has a base Cross-sectional TEM images were taken at the University
pressure of better than>x210™8 Torr. This is achieved by a of Oxford. The samples were cleaved, thinned by ion-
combination of cryopumping te-1x10" 7 Torr, followed  milling, and imaged. The cross-sectional high-resolution
by the filling of a Meissner traf® This is particularly effec- electron microscopy and bright-field images were recorded
tive in the pumping of water, the main residual gas remainusing a JEOL 4000EX operated at 400 Kpoint-to-point
ing after cryopumping. The residual gas composition wagesolution 0.16 nm In all cases the sample was aligned so
determined using a quadrupole mass spectrometer. Once ttieat the electron beam was parallel to fid 0] direction in
trap is filled the residual gas is mainly comprised of &  the Si substrate so that the interfaces between the layers
CO (mass peak 28In order to control accurately the level of could be viewed end-on.
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FIG. 2. Giant magnetoresistance loops for the large samples

FIG. 1. The giant magnetoresistance for samples of the forngrown on SjN, at three different base pressures; Sample 1, 1.8
{Ca(8 A)yiCu(8 A)}x 25 on(00)) Si as a function of the base pres- x 1078 Torr (circles; Sample 2, 6.210 7 Torr (squares and
sure. Deposition was paused for 10 s in the middle of every Cusample 3, 0.8 10 © Torr (triangle3. The magnitude of the giant
spacer layer. The lowest pressure point corresponds to the lowesiagnetoresistance falls as the base pressure is increased. The satu-
attainable pressure in the chamber, higher pressures correspondrtiied resistivity of all three samples is close to2Q cm.
the introduction of air(circles or O, (squares The samples
marked with arrows are those which were imaged by XTEM. NoteMOKE. We can see that pure oxygen is much more damag-
the logarithmic scale on the abscissa. ing than air in this regard. This suggests that isl much

more inert than @ as might be expected.

Samples were grown on pieces(001) Si wafer with the In Fig. 2 we show GMR loops for three samples deposited
native oxide layer left intact for some magnetoresistance®n the nitride-coated Si wafer at different chamber back-
measurements and for cross-sectional TEM imaging. Foground pressures. As,Os introduced into the chamber a
plan-view and Lorentz-imaging samples were deposited ontdrop in GMR ratio is again observed. As these three samples
SisN, membranes supported on Si wafer suitable for direcwill be extensively discussed we shall refer to them as
observation in the TEM? These samples were also studiedsamples 1, 2, and 3. These multilayers are comparable to
by MOKE. Meanwhile larger pieces of nitride-coated Si wa- similar samples grown directly onto the Si wafer, as the ni-
fer were used for GMR and MOKE experiments. Pairs oftride surface is similarly smooth. It can also be seen in this
such sample$sTEM membrane and larger piece of wafer figure that the shape of the loop is changing. With the leak
were mounted side by side on the substrate holders, so theglve closed (1.8 108 Torr) the GMR peak has a convex
the multilayers were grown simultaneously, allowing theirtop, close to the parabolic GMR response of an ideally AF-
properties to be directly compared. coupled multilayer(sample ). As the pressure rises to 6.2
X107 Torr the field required to saturate the samples falls
and the GMR peak becomes more pointegimple 2. These
effects are greater still as the pressure is finally raised to

In Fig. 1 we show the decrease in GMR ratio in two series).9x 10~ ° Torr (sample 3. Again the sample resistivities are
of samples as the base pressure is raised by the introductieiil comparable in the magnetically saturated state, with val-
of air or oxygen through the leak valve. All these samplesues of about 2Qu{) cm. They are, of course, different at
were grown on(001) Si wafers. For pressures below a tran- zero field due to the different magnetoresistance ratios. Such
sitional band a GMR ratio of-40% was achieved in both changes in GMR loop shape are associated with biquadratic
series. This moderate GMR value is due to diffusive boundcoupling?*
ary scattering at the surfaces of the multilayer limiting the  Grazing incidence specular x-ray scans for these three
spin-allowed mean free paffi,due to the small number of samples are presented in Fig. 3. The data represent the true
bilayer repeats. The expected level of impurity introducedspecular scatter, determined by subtracting the diffuse scatter
with the working Ar is~3x10~° Torr, well below the pres- measured in another scan with the sample offset from the
sure range on the abscissa of the graph. In the high-pressupecular condition by a small amount from the scan mea-
regime above the transition zone the GMR is very low. Bothsured along the specular ridge. The three samples are very
series show a broad transition region, at a higher base presimilar, in each case there being well-defined Kiessig fringes,
sure for air than for @alone. The transition pressures differ and a similar rate of intensity fall-off with increasing sample
by approximately a factor of three across the whole curveangle. This indicates that the roughness in the samples is
not quite the 5:1 ratio one might expect if the Were en-  low, and of very similar amplitude. The first-order superlat-
tirely inert. The saturated resistivities of all these samples artice Bragg peaks are of similar intensity and full width half
comparable, falling in the range 2@ w{) cm. The height maximum. The Bragg peaks are not all at the same
changes in GMR are caused by a decrease in the amount ahgle, representing bilayer periods of 16.1 A, 15.2 A, and
AF alignment in the samples as the pressure is raised, a@s.4 A in order of increasing background pressisamples
borne out by an increase in remanent fraction as observed ly, 2, and 3. This represents a sample-to-sample fluctuation

Ill. RESULTS
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.4 FIG. 4. Transverse diffuse x-ray scans for the extreme samples 1
FIG. 3. Low-angle x-ray specular reflectivity scans for the three(open pointsand 3(solid pointg. The remarkable similarity in both
samples grown on §N,. Sequential curves have been offset by intensity and distribution of scatter indicates that the Co/Cu inter-
decades of intensity for clarity. There are no significant differencedace structure is almost identical. The slight difference between the
between the profiles. The Bragg peak positions correspond to bfo scans to the left of the figure originate from unequal sample

layer periods of 16.1 A, 15.2 A, and 16.4 A. The solid lines areSIZes.

simulated fits to the data. the field applied along the growth field direction and perpen-

dicular to it. We note that the shapes of these loops are

of better tha 1 A from the nominal period of 16 A. The data isotropic in field direction. This is to be expected as any
have been modeled using the Bede Scientific REFS MERanisotropy induced in Co by the growth field is generally
CURY code to determine individual layer thickness andfound to be weak? while the field required to overcome the
roughness parameters. Simulated curves are included in Figoupling is much larger, of the order of a few kOe. However
3. The rms roughness of all the layers in the samples3s5  in the low-field MOKE loops presented in Fig. 6 we can see
A. From the model simulation we have also determined thathat some anisotropy is present as the remanent moment re-
the fluctuations in the Co layer thickness from sample toverses. For convenience we shall refer to the direction par-
sample are much greater than those in the Cu spacer layer.dllel to the growth field as the easy axis, and perpendicular to
follows that the changes seen in the GMR in Fig. 2 cannot bét as the hard axis. As we shall see, although the degree of
explained by incorrect spacer thickness—a result corroboanisotropy varies from sample to sample, the “easiest” di-
rated by the fact that the AF-coupling peak width and posi+ection is always defined by the growth field.
tion are not affected by this type of residual gas danfage. In Fig. 6(a) we see that both the easy and hard axis loops

Transverse diffuse scarfispecimen scan at constant scat-for sample 1 show considerable rounding. There is some
tering angle taken through the first-order superlattice Braggweak anisotropy although the coercivity is 27 Oe in both
peak showed a very similar intensity ratio between the inteeasy and hard directions. Both loops are somewhat canted.
grated diffuse scatteg land the integrated specular scatter | Meanwhile, Figs. @) and Gc) are quite similar, with a
(Fig. 4). Using the Born wave approximation, we find that squarer easy-axis loop and a canted, lower hysteresis hard-
the conformal roughness on the Co/Cu interfaces 85 A axis loop. The coercive fields are 38 Qe=asy axis and 35
for all samples. The overall distribution of the diffuse scatterOe (hard axi$ for sample 2 and 31 Og@asy axisand 20 Oe
with angle is also very similar for all three samples, indicat-(hard axi$ for the slightly more anisotropic sample 3. At
ing that the in-plane correlation length is the same. We couldirst, it is tempting to link the degree of induced anisotropy in
find no differences in the interface structure between any ofhe films with the exposure to oxygen, and there have been
the three samples. A more detailed account of the characteattempts to do this in the pa&t?® However, we have found
ization of similar Co/Cu multilayers by x-ray diffraction has that the correlation is between the degree of anisotropy and
been published elsewhefe. the remanence. For example, samples grown with 15-A Cu

The changes in GMR amplitude despite the absence cfpacers, corresponding to the second FM peak, are always
difference in the saturated resistivity is suggestive of a rehighly anisotropic in their reversal mechanism, regardless of
duction in AF coupling. This would not affect the saturatedthe degree of exposure to,@r any other background gas.
resistivity, as the samples are in the same magnetic state witor samples with a very low remanence due to excellent AF
all the layer moments aligned parallel to the field. On thecoupling the anisotropy at low fields can be very srAall.
other hand, the resistivity enhancement at zero field will be In order to gain a more detailed insight into the reversal
much smaller than anticipated if the degree of antiparallemechanisms of the samples, magnetizing experiments were
alignment is not high. This is borne out by MOKE loops for carried out, in which the magnetic microstructure was moni-
the samples, shown in Fig. 5. The drop in magnetoresistanaered constantly using the Fresnel mode of Lorentz micros-
can be explicitly linked with the rise in remanent fraction, ascopy. For all investigated samples it was found that the mag-
in a previous study. netization reversal processes were dependent on the direction

Two loops are presented for each sample, measured withf the in-plane component of the applied field. By applying
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FIG. 5. High-field MOKE loops for the three large samples

grown on SiN,. The remanence rises as the GMR falls. The loops  FIG. 6. Low-field MOKE loops for the three samples shown in
were measured with the field applied along the growth field direcFig. 5. Again, solid points are for loops measured with the field
tion (solid points and perpendicular to ifopen points All three applied along the growth field direction, and open points for those
samples were found to be isotropic on this scédeBase pressure with the field perpendicular to it. A varying degree of anisotropy is
=1.8x10"8 Torr (Sample }; (b) 6.2x10°7 Torr (Sample 2; (c) exhibited, with greater anisotropy associated with a higher rema-
0.9x 10 ® Torr (Sample 3. nent fraction.(a) Base pressure= 1.8x 1078 Torr; (b) 6.2x10°7
Torr; (c) 0.9x10°® Torr. Note that the units of magnetization are

fields in situ with the specimen in different orientations the not the same as those for the same sample shown in Fig. 5.
hard axis was identified. Application of a field in this direc-
tion led to the formation of low-angle walls and magnetiza-7). Field reversal leads first to an increase of dispersion and
tion rotation within these domains. Wall movement wasthe development of low-angle domain walls. At higher fields
present in all investigated samples and a very common feahere is rotation of the magnetization in adjacent domains
ture is the formation of 360° walls. Extracts of the reversalindicated by an increase in wall contrast. However, signifi-
processes of the samples with the field in the orthogonatant reversal of magnetization does not occur until a field of
direction are shown in Figs. 7, 8, and 9. Although this is—30 Oe when a large domain is generated with the walls
what was called the easy axis in the discussion of the MOKElmost perpendicular to the array of walls developed at lower
loops, what is observed does not clearly resemble an easfields and still clearly visible in the areas marke@ndQ in
axis process in a simple magnetic film. There is a pair ofFig. 7. The newly formed domain was observed to expand in
images shown for each sample, one of which is taken athe center of the field of view without any further increase of
remanencésample untilted in the vertical fieldAs the mi-  the applied field showing the importance of time-dependent
cromagnetic behavior differs most markedly for sample 3effects in this regime. The overall behavior is consistent with
we will begin by discussing this sample. the squarish low-field MOKE loop. It should be noted that
At remanence considerable magnetic dispersion is presetiie domain walls A andB) are very irregular but that the
although the clear directionality of the magnetization rippledegree of dispersion within the reversed region is quite simi-
indicates that the mean direction of magnetization lies parallar to that observed over the whole field of view at rema-
lel to the direction in which the field had been appli€ilg.  nence. Hence the mean direction of magnetization can once



4136 C. H. MARROWSet al. PRB 61

FIG. 7. Fresnel images of sample 3; field directiorhard-axis- FIG. 9. Fresnel images of sample 1; field directiorhard-axis-
like direction, field values given, mean direction of magnetizationlike direction, field values given, mean direction of magnetization
as indicatedA and B denote domain walls. as indicated.

again be deduced as indicated in Fig. 7. Further increase of . . i i ) )

the reverse field to-44 Oe results in an almost single do- "€ plan-view bright-field images of all investigated
main state of the sample. Samples 2 and 1 also show dire§&mPples are indistinguishable. An example is shown in Fig.
tionality of the magnetic dispersion in the remanent statel0- The samples are of micropolycrystalline structure with an
with the mean direction of magnetization being parallel to@Verage grain size in the range of 15-20 nm with no texture
the applied fieldFigs. 8 and @ It was, however, not pos- Present as can be seen in t_he diffraction pattern of the tilted
sible to determine a direction of magnetization that leads t$@mple(Fig. 10. The majority of the crystallites have fcc
the sharp switch in magnetization of sample 2 correspondin?trucmre! but there is evidence for a fraction of hcp crystal-
to the low-field MOKE loop of this sample. Instead, sampleslltes from the diffraction patterns,

2 and 1 look much more alike in these TEM experiments AS We have previously report&_f, we have been unable
with their magnetization-reversal processes being in bette® find any differences in the physical microstrucure between
agreement with the kind of hysteresis loop of sample 1¢l€an AF-coupled samples, and those so heavily damaged by
where the magnetization reversal in the easy-axis-like direci®Sidual gases as to be entirely FM coupled. Techniques used
tion is more gradual. In both of these samples we observe thiclude synchrotron x-ray analysi$’Co nuclear magnetic

formation of highly complex domain structures without resonancé,and plan-view TEMRef. 26 and this work, Fig.
dominant directionality. 10). All these findings are consistent with those reported

The differences in magnetic contrast for the differenthere. _ _ _ _
samples is consistent with their GMR values. Good antifer- Figure 11 shows in-focus high-resolution XTEM images
romagnetic alignment results in high GMR and little mag-©f the two samples marked in Fig. 1. On the far left of the
netic contrast. Perfect antiferromagnetic alignment in alterimages the highly ordered crystalline Si substrate can be
nate layers would result in no overall Lorentz deflection ofS€en, with a thin {15 A) amorphous native oxide layer
the electron beam while passing through the layer stack/isible as a bright band between it and the sample. Epoxy
Therefore the high contrast of sample 3 is in agreement with
the low GMR of this sample €7%), whereas the much
lower contrast of sample 1 is consistent with better antifer-
romagnetic alignment and higher GMR-84%). It is pos-
sible to identify all the switching behavior observed in the
TEM with the coercive fields measured from the low-field
MOKE in Fig. 6.

FIG. 8. Fresnel images of sample 2; field directiorhard-axis-
like direction, field values given, mean direction of magnetization FIG. 10. Plan-view bright-field image of sample 2; inset shows
as indicated. diffraction pattern of tilted sample.
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FIG. 11. In focus high-resolution XTEM images for two samples of the f§@n(8 A)/Cu(8 A)}x 25 grown on(001) Si wafer. The Si
is visible on the left of the micrographs as a highly ordered crystalline layer. Next to this is the nativéage@ which is seen to be
amorphous. The contrast between individual Co and Cu layers is not visible in this image due the close proximity of these two elements to
each other in the Periodic Table.

used in sample mounting can be seen at the right of eachith a small number of ferromagnetic bridges across the Cu
image. The contrast between Co and Cu atoms is poor due fesent. Although the differences are very subtle, these
their close proximity in the Periodic Table. As a result the XTEM images represent the only observed differences in the
layered structure of the samples is not evident in these imphysical microstructure of such samples to date. This state-
ages. We can see that the samples consist of columnar graimsent carries with it the caveat that it would prove impossible
In the low-background-pressure samgdleig. 11(a)] the to infer the level of background gas that a sample had been
grains extend throughout the height of the entire multilayerexposed to only from XTEM images of this sort.
film in places. This does not always appear to be true in the
high-'background—pressure' sam@%jg. 1]{b)]. Some strain IV. DISCUSSION AND CONCLUSIONS
is evident. Most of the fringes visible in the film are the
(111) fringes of the fcc Co or Cu structure. The lack of  The rise in remanence and reduction in GMR in samples
texture is evident, witH111} planes making a wide variety which are gas damaged clearly indicate that the AF ordering
of angles with the film normal. In certain areas of the imagesds far from perfect. The presence of GMR in these samples
overlapping grains give rise to Moirsinges. The crystal means that some degree of nonparallel alignment exists be-
structure seen in the image of the higher-backgroundtween the moments at zero field however, and this can be
pressure sample is slightly less good, but even in the cleanguantified by the remanence displayed by the samples in Fig.
sample the degree of crystallographic perfection is not at alb. If we wish to describe the smooth transition from AF to
high. FM coupling with increasing base pressure by simply in-
For the correct level of defocus the chemical periodicitycreasing the FM-coupled volume fraction then we should
of the multilayer is seen, as shown in Fig. 12. These imagesxpect to see regions in the Lorentz images with very differ-
are best viewed at a shallow angle looking along the layersent contrast, corresponding to variations in the resultant mag-
We can see that for the first few bilayers the layering struchetic moment. In fact, the images reveal overall uniform con-
ture is poor, resulting in a ferromagnetic block of CoCu al-trast in all three samples, moreover in the wide anhysteretic
loy. This is consistent with the lack of GMR in multilayers regimes from about 50 Oe to saturation the samples are
with very low numbers of bilayer repeathl€5),?°and with ~ single domain. It is possible to explain this apparent contra-
the results of fitting polarized neutron reflectivity spectra fordiction by the introduction of the possibility of noncollinear
such sample¥’ It must also account for at least some of the ordering, as suggested by previous restiltsis would allow
remanence observed in MOKE loops, such as Fig),®l- the angle between the moments to vary smoothly froro
though that is a different sample to that imaged in Fight2 0 as the base pressure in the sputtering system crosses the
The lighter bands are the Cu spacer layers. For the lowtransition zone.
background-pressure sample the layers are mostly continu- Suppose the moments in a Co/Cu/Co trilayer take angles
ous, if somewhat wavy in places. In the higher-background#, and 6, with respect to an applied field. We may write
pressure samples the layers show a few more discontinuitietf)e energy per unit area of such a trilayer as
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FIG. 12. Out-of-focus high-resolution XTEM images of the same areas as displayed in Fig. 11. In these images the layer structure is
visible, while the defocus is such that the individual atoms can no longer be discerned. The lighter bands are the Cu layers.

€= — uotcoMH(cosé;+ cosh,) —J; cog 61— 6,) tco=8 A. We have used this value for M, which is signifi-
2 cantly below the bulk value (1.422 MAT), as we have
—J2€08(0,~0,), (1) found previously that there is significant reduction in mo-

ment in very thin Co layers at finite temperatafeRecent

where the Co layers are of magnetizatighand thickness brati | 23 h
tco. The coupling is parameterized by two constahtend ~ VIPrating sample magnetometer measuremients these
samples confirm that this is a reasonable value.

J,, which are the bilinear and biquadratic coupling energies; We h d that th les h " ltant
respectively. It is the presence of a substantial biquadratic € have argued that the samples have a uniform resuftan

term that leads to noncollinear ordering of the moments afnagnetic moment horizontally from the unlforml_ty of con-

low fields. To transfer this model to a multilayer we have trast obser_ved n Fhe Lorentz TEM. _Smce these images rep-

only to note that each layer will be coupled to two neighbors,.resent an integration of the magnetic moment of _the sample
p the vertical direction they are not directly sensitive to ver-

and adjust the coupling constants by an appropriate factor d ; - :
2 ) ping y Pprop tical inhomogeneities. We do have evidence to suggest that

an(}he samples are magnetically uniform in the vertical direc-
d tion apart from the small number of FM-coupled layers near
to the substrate. Some information can be deduced from the
Lorentz images themselves, in particular around the domain
evel_alls. Only on rare occasions is any splitting of the walls
visible, meaning that the walls are coherent throughout the
height of the stack. Moreover, in recent polarized neutron
reflectometry measurements the vertical coherence length of
the magnetic scatter was always found to be the full height of
4(3,+23,) the multilayer stack, even i.n much more weakly coup]ed _2nd
=_——— (20  AF peak Co/Cu sampled Finally, the effects we describe in

It is possible to determine the coupling constants
equilibrium angles from fitting the high-field MOKE an
GMR curves by numerically following the path of minimum
energy in Eq(1) asH is varied. As an alternative in simple
systems, some features may be determined analytically. S
ting ®=0,— 6, and setting partial derivativege/96,=0
and de/90,=0 to find the angles of minimum energy, we
find that

sat
moMt the present article have been found to be independent of the
number of bilayer repeats deposited. The dependence of
P!
0= cos 12_‘]2- 3 TABLE |. The parameters determined for the three samples sub-

jected to magnetic analysis.

The remanant fraction may be determined directly from

=2 =2

Eq. (3) as cosPy/2). Measurement of the remanent fraction Ji (MIm7) Jo (MIm ) o
and saturation field hence leads directly to a determination ofample 1 —0.064 —0.035 156°
the coupling constant3; andJ, and the equilibrium angle sample 2 —0.013 —0.038 100°
between the momen3. These results are presented for oursample 3 0.033 —0.036 60°

three samples in Table I, assumidg=1.0 MAm™! and
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GMR and remanence on base pressure has been found to beA brief remark on the growth of similar films by
the same for multilayers with 10, 25, and 50 bilayer repeatsmolecular-beam epitax¢MBE) is in order at this point: the
We therefore believe that the degree of uniformity of thework of Miranda suggests that the presence of pinholes is a
resultant magnetic moment is high in both the vertical anctharacteristic feature of the growth (11) Co/Cu by this
horizontal directions. technique®® unless suppressed by the use of surfactants. This

The Lorentz TEM studies of the low-field reversal mecha-is due to the possibility of twinned growth domains forming
nisms reveal some anisotropy in all three samples, as borne this system, giving rise to relatively open grain boundaries
out by the low-field MOKE. In all three cases the easy axiswhen they meet. Because of this problem there has been
was defined by the growth field direction in the sputteringsome controversy over whetfiéror nof® it is possible to
chamber. However, the degree of anisotropy seems to bebtain any AF coupling in Co/Cu multilayers grown by this
related to the quality of the AF coupling, with good AF technique. On the other hand, there have been many reports
samples showing a more isotropic response to the appliedf near-perfect AF coupling and very high GMR in sputtered
field. In the Lorentz TEM, it was not possible to find an Co/Cu layers of many different textures, includifigl1).3°
obvious easy axis in samples 1 and 2 where the magnetiz&easons for this are not clear—sputtering is a much more
tion switches sharply. The details of why a sample with aenergetic process, and it has been shown that heavily re-
larger remanent moment should show a more pronouncefliected neutral bombardment can be correlated with dense
anisotropy are unclear at this stage. Another interesting feasompressive grain boundaries and high GMRt may be
ture of these experiments is that samples 2 and 3 seem moatteat impurities in the Cu change the surface energies suffi-
similar in the low-field MOKE, while in the Lorentz images ciently to maintain the structural imperfections that give rise
samples 1 and 2 are more alike. It should be noted howeveo the pinholes during the sputtering process. For the pur-
that the samples all exhibit a continuous rise in GMR, AFposes of this article it seems wise to terminate this line of
alignment, and isotropy of reversal with falling base pressurepeculation at this point.
during deposition. Sample 2 simply appears more like 1 or 3, To summarize, we have observed a monotonic decrease in
depending on the measurement technique used. GMR and increase in remanence in(8d\)/Cu(8 A) multi-

The XTEM images appear to show the presence of refayers as the base pressure of the sputtering chamber in
gions where there are discontinuities in the Co and Cu layersyhich they were prepared rises. To explain these changes
and there are more such regions in the gas-damaged sampt®nsistently with magnetizing sequences of Lorentz TEM
However, the presence of pinholes is not disastrous for themages, we must invoke a substantial biquadratic term in the
noncollinear model. The work of Bobo shows significantexchange coupling between neighboring Co layers. This re-
twisting of the moments around a pinhole, leading to subsults in configurations of the moments that are not collinear.
stantial noncollinear ordering over a large area of filrIf
the pinholes are sufficiently close together laterally then the
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