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Giant magnetoresistance and interlayer exchange coupling in Co/Cu superlattices grown by e-beam
evaporation have been investigated by using the combined three-axis magneto-optical Kerr effect, mag-
netotransport measurements, x-ray diffraction, Rutherford backscattering, transmission electron micros-
copy (TEM), and domain observation with scanning transmission electron microscope electron hologra-
phy. Large-angle x-ray scattering data and TEM images indicate that the superlattices have fcc (111)
orientation with polycrystalline grain sizes ranging from 10—14 nm. Small angle x-ray scattering and
cross-section TEM images show that the superlattices have a well-defined layer structure, coherent
grain-to-grain epitaxial growth, and interfacial roughness of +0.2—0.4 nm. The correlations between
the 90 magnetization and magnetoresistance oscillation curves suggest that the giant magnetoresistance
in superlattices with imperfect interfaces results from the 90 orientation of domains within adjacent Co
layers.

I. INTRODUCTION

The discovery that the exchange coupling across non-
magnetic spacer layers in a wide variety of ferromagnetic
transition-metal superlattices can oscillate between anti-
ferromagnetic (AF) and ferromagnetic (F) as a function
of the interlayer thickness has attracted considerable at-
tention from both the fundamental and application
viewpoints. The strength and sign of the interlayer cou-
pling coefficients in superlattices have been correlated
with magnetotransport measurements for a wide class of
systems. ' Experiments have been focused on the bcc
Fe/Cr (Refs. 6-8) and the fcc Co/Cu systems ' ' in an
effort to confirm quantitative predictions on the orienta-
tion dependence of the interlayer coupling. " ' Magne-
totransport models which rely on antiferromagnetic
alignment of adjacent ferromagnetic layers have been
used to interpret experimental data. ' Interlayer cou-
pling can be complicated by surface and interface rough-
ness, primarily due to conditions during growth. In
addition to antiferromagnetic (180' or bilinear) interlayer
coupling, 90' (or biquadratic) interlayer coupling has
been observed in epitaxial systems with wedge-shaped
interlayers, including Fe/Cr/Fe(100) and
Fe/Au/Fe(100). At least three types of mechanisms
may give rise to biquadratic coupling. ' The first is asso-
ciated with spatial Auctuations of bilinear coupling due to
terraced variations of spacer thickness in nonideal speci-
mens. ' The second in the intrinsic mechanism in
which biquadratic coupling arises from the electronic
structure of an ideal trilayer. The third is the loose-
interfacial-spin mechanism, ' where each interfacial layer
of magnetic atoms is weakly exchange coupled to the
remainder of the ferromagnets, and the observed biqua-
dratic coupling is intrinsic rather than due to impurities
or structural defects. Intrinsic bilinear (180') coupling in
general coexists with the higher-order biquadratic (90')
coupling. Evidence for 90 domains in the coupling in

Co/Cu(001) superlattices has been recently observed in
the nonsymmetric spin states from Kerr hysteresis loops
at the second antiferromagnetic maximum ' due to the
competing effects of anisotropy and exchange coupling.
Elemental specific magnetic hysteresis loops extracted
from magnetic circular dichroism experiments from
Fe/Cu/Co trilayers indicates the presence of significant
misalignment between the orientation of the magnetiza-
tion in adjacent ferromagnetic layers. The strong corre-
lation between giant magnetoresistance (GMR) and 90
domain formation between adjacent layers in electron-
beam-evaporated Co/Cu superlattices as a function of the
Cu interlayer spacing has been found when the interfaces
are imperfect. In this paper, interfacial roughness
effects on giant magnetoresistance and interlayer cou-
pling in Co/Cu superlattices are studied systematically
with micro structural and magnetic characterization,
magnetotransport measurements, and magnetization re-
orientation modeling.

II. EXPERIMENT

A. Structural characterization

A series of [Co, 5 „

/Cu, ]„(7&a&13) superlattices
have been prepared by evaporating on Si(100) oriented
crystals, Corning cover glass slides, and holey carbon film
covered grids. 6.0 nm thick Co layers were grown at
250 C as buffer layers on the substrates. Our experi-
ments on modifying the substrate temperature during
deposition suggest that the optimum temperature for the
first buffer layer is about 250'C and 150 C for the super-
lattice stack. The use of a buffer layer gave the best
GMR properties. Scanning transmission electron mi-
croscopy (STEM) and large-angle x-ray scattering
(LAXS) results from pure Co thin films indicate that the
6.0 nm thick Co buffer layer will lead to flat Co and Cu
layers. 4.5 nm thick Co capping layers covered the su-
perlattices, making the sandwich symmetric. The total

0163-1829/95/52(6)/4263(12)/$06. 00 52 4263 1995 The American Physical Society



4264 Z. J. YANG AND M. R. SCHEINFEIN 52

superlattice thickness ranged between 40 and 46 nm,
sufficiently thin so as to be electron transparent to the
100 keV electron beams used to characterize the magnet-
ic microstructure with electron holographic methods.
All films were grown at room temperature in a dual e-
beam UHV evaporation system. Deposition rates were
0.3—1 A/s at a base pressure 5X10 mbar. A growth
pressure of 5 X 10 mbar can be maintained with a low
growth rate of 0.3 A/s. In situ thickness calibration us-
ing a quartz crystal microbalance was confirmed with
Rutherford backscattering (RBS).

The crystallographic and superlattice structure was
studied with RBS, x-ray diFraction (Cu Ka radiation
A, =0.1504 nm), and plane view STEM. RBS data and
theoretical fits assuming bulk densities for Co and Cu and
no interface mixing for a test multilayer structure consist-
ing of four Co layers 9 nm thick separated by four Cu
spacers 9 nm thick indicate a well-defined superlattice
structure. ' The incident He beam energy was limited to
2 MeV, and was recorded with the total 1024 scanning
channels. A grazing incidence geometry was used for the
observation of the modulation due to the superlattice
structure.

The x-ray spectra were measured using a Rig aku
D/Max-II diffractometer with ICa radiation from a fixed
Cu anode. The 0—20 scan speed was typically 0.5/s
with steps of 0.004 for small-angle x-ray scattering
(SAXS) and 4'/s with steps of 0.02' for LAXS. The
LAXS data, as shown in Fig. 1, are characterized by a fcc
(111)Co (Cu) peak indicating that the multilayers have a
(111)out-of-plane texture. Some films show a very weak
fcc (200) Co (Cu) peak. The peak positions shifted slight-
ly from the fcc (111) Co peak position (28=44.2') to-
wards the fcc (111) Cu peak position (28=43.5') as the
Cu spacer thickness increases. Figure 2 shows the spac-
ing d

& &&& &, calculated from LAXS peak positions for all
films, vs the Cu spacer thickness tc„,showing d&»» in-
creases as the Cu spacer thickness increases, but never
reaches the bulk fcc Cu(111) value (2.078 A). For exam-
ple, in the 2.0 nm thick Cu spacer sample, d

& &&& ~
is about

2.07 A, indicating that the structure of the multilayer is
neither that of bulk Cu nor that of bulk Co. Rather, it is
a strain-modified fcc Co/Cu(111) superlattice structure.

The grain sizes can be calculated from the half-width
of the Bragg peak by using the Scherrer equation:

Ek
pcos8

where 0 and X are difFraction-angle and x-ray wavelength,
L is the mean dimension of the grains, p is the full width
at half intensity (FWHI) of the interference peak in radi-
ans and K is a constant approximately equal to unity and
related to the crystal; for crystallites in platelet form, K
equals 0.89. The average grain sizes of the films calculat-
ed from Eq. (1) range between 10 and 14 nm. The FWHI
p of the fcc (111) peak decreases from 0.8 to 0.6 as a
function of increasing Cu interlayer thickness, indicating
an increase in grain size and fewer defects in the layer
structures because of a smaller number of grain boun-
daries.

SAXS profiles of the superlattices are shown in Fig. 3.
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FIG. 2. Atomic plane spacing d&»» vs the Cu spacer thick-
ness (note that in pure Co and pure Cu crystal, d&»»c, =2.048
A, d&»»C„=2.078 A) in the series of superlattices Si/Co (6

mn)/[ C(tu)cC/o(1. 5 nm)]„(6& n & 13), calculated from
LAXS data.
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FIG. 1. Large-angle x-ray scattering data from superlattices
of Si/Co (6 nm)/[Cu(tc„)/Co (1.5 nm)]„;n, the bilayer number,
is between 6 and 13. The Cu spacer thickness of a11 films and
the fcc Co and fcc Cu are marked. The FWHI P of the fcc (1 1 1)
peak is decreasing as a function of Cu interlayer thickness.
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Only first-order SAXS Bragg peaks with superlattice
character Kiessig fringes were observed for the films with
Cu interlayer thickness thinner than 1.2 nm, indicating
the presence of relatively rough interfaces and wavy lay-
ers. The rms roughness of the interface estimated by
fitting the SAXS spectra is +0.2—0.4 nm. In Fig. 4, the
SAXS profile of the Si/Co (6 nm)/[Cu (2 nm)/Co (1.5
nm)]s/Co (4.5 nm) film is shown, together with an offset
(for clarity) SAXS spectrum calculated with a standard
dynamical scattering model. In order to model the
spectral structures and damping rate, the interface rough-

FIG. 3. SAXS profiles for the series of Si/Co (6
nm)/[Cu(tc„)/Co (1.5 nm)]„/Co (4.5 nm) multilayers. The Cu
interlayer thickness and the number of bilayers are marked for
each film.

ness and layer spacing have to be correctly defined. The
fits were simulated with a 2.0 nm silicon oxide layer be-
tween the Si substrate and the very first Co buffer layer, a
4.5 nm topmost rough CoO layer, and an interface rough-
ness of +0.2 nm for the lower half of the superlattice
stack, and +0.4 nm for the top half.

The observed broadening of the higher-order Bragg
peaks and the disappearance of the high-order low-angle
amplitudes may arise from interfacial interdiffusion and
cumulative random variations in layer thickness. " Our
LAXS and SAXS results indicate that the films grown on
Si substrates have better crystalline orientation and are
smoother than those grown on glass substrates, but as
the Cu interlayer gets thicker, the difference seems to de-
crease.

Characterization methods based on the transmission
electron microscope (TEM) enable the local microstruc-
ture of a material to be visualized directly in a manner
that is not possible with bulk techniques such as x-ray
diffraction and Rutherford backscattering. Figure 5(a)
shows a 200 kV transmission electron micrograph at
large overfocus ( -200 nm) showing compositional layer-
ing from the multilayer with a nominal structure
Si(100)/Co(6 nm)/[Cu (2 nm)/Co (1.5 nm)]s/Co (4.5 nrn).
The sample was cross sectioned such that the direction of
observation would be parallel to the substrate surface and
along the [110]zone axis. DifFraction contrast and de-
focusing techniques ' were used to study the presence
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FIG. 4. SAXS profiles of the superlattice with the structure
of Si(100)/Co (6 nm)/[Cu(2 nm)/Co (1.5 nm)]s/Co (4.5 nm).
The top profile is measured data, and the lower one is the simu-
lation with the parameters given in the text.

FIG. 5. (a) Cross-section transmission electron micrograph
of Co/Cu multilayer with nominal structure Si(100)/Co (6
nm)/[Cu (2 nm)/Co (1.5 nm)], /Co (4.5 nm). The brightest layer
is native oxide SiO, the top of the image is Si substrate, and the
bottom is epoxy mount. The dark layers are Cu spacer layers.
(b) Cross-section transmission electron micrograph of Co/Cu
multilayer with nominal structure Si(100)/Co (6 nm)/[Cu(0. 8
nm)/Co (1.5 nm)], 3/Co (4.5 nm), illustrating a wavy layered
structure when the Cu spacer layer is very thin.
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of texturing and long-range orientational relationships.
The successive layers of native oxide SiO ( —3 nm), Co
buffer layer ( -6 nm), Co/Cu multilayer, and epoxy
mount can be distinguished, illustrating clearly that the
superlattice structures have suf5cient quality to maintain
separation of the layers. The long vertical structures that
penetrate the superlattice are crystallites, so there is some
texturing confirmed by x-ray-diffraction data. The Aat-
ness and continuity of the layers in these micrographs
does not indicate any obvious pinhole formation, al-
though it does not rule out pinhole formation given the
averaging in TEM cross-section imaging. High-
resolution electron micrographs recorded at optimum de-
focus show epitaxy at the Co/Cu interfaces. The grain
size of the Co buffer layer is about 10 nm in diameter,
and it propagates into the multilayer by grain-to-grain ep-
itaxy. The atomic layers are coherent over several hun-
dred A, which again is consistent with our x-ray-
diffraction data. The GMR and AF coupling effects were
first found' in Fe/Cr and Co/Cu epitaxial multilayers
fabricated by molecular beam epitaxy (MBE). Hy con-
trast, polcrystalline superlattices deposited by simple
techniques such as sputtering and evaporation have intro-
duced questions about the inAuence of grain size, mor-
phology, orientation, and texture on the magnetoresis-
tance effect and magnetotransport mechanism. Interface
and bulk scattering at grain boundaries are likely to be
important in GMR superlattices. ' Figure 5(b) shows a
TEM image of the superlattice with a nominal Cu inter-
layer thickness of 0.8 nm, illustrating a wavy layer struc-
ture. The rms interface roughness has been estimated
from the lines scans of the TEM images. The values ex-
tracted from the TEM data agree well with the values ex-
tracted from the SAXS simulations.

B. Magnetic characterization

The Co/Cu multilayers are well characterized layered
structures with interface roughness of +0.2 —0.4 nm, fcc
(111) texturing, average grain size of 10 nm, and grain-
to-grain epitaxial coherence. In order to investigate the
origin of the GMR and magnetic coupling in these super-
lattices, a study of the magnetic alignment within adja-
cent Co layers has been carried out with the combined
three-axis magneto-optical Kerr effect (MOKE). The
combined longitudinal-transverse Kerr intensity for our
MOKE measurements can be expressed as

I =m& (rz, ) +0.2mtrzzrz, sin(5&z —5z, )singlet,

where m& is the direction cosine of the magnetization
axes along the applied field direction (projection of M and
II) for the longitudinal Kerr effect r, and 5., are the ab-
solute magnitude and phase angle of the Fresnel
reflection coefficients [superscripts indicate (p) polar or
(l) longitudinal effectsj, and co is the angular frequency of
the modulator. For our experimental configuration, the
expression for the intensity is independent of the trans-
verse Kerr effect, regardless of the direction of the ap-

plied magnetic field. The longitudinal in-plane com-
ponent of the magnetization M„is obtained from longitu-
dinal Kerr effect hysteresis loops, measured from 6 mm
diameter circular samples by orienting the superlattice's
in-plane easy axis along the applied magnetic-Geld direc-
tion in the scattering plane. In order to obtain the trans-
verse in-plane component of the magnetization, M, both
the sample and the magnetic field are rotated until both
the easy axis and the applied field direction are perpen-
dicular to the scattering plane. Without modifying the
position of any optical elements, calibrated M and M
components of the magnetization can be recorded during
the switching process. This allows us to measure both
in-plane magnetization components M„(the component
along the longitudinal direction) and M (the component
along the transverse direction) from the same longitudi-
nal MOKE effect. The components can be added togeth-
er in quadrature as a measure of the total magnetization,
M, . When the normalized total magnetization differs
from one, there are regions where the magnetization is
misaligned. The misalignment can be due to domain for-
mation within a given layer(s) of the superlattice, or may
be due to small regions of antialignment between adjacent
layers. As the light is attenuated during its traversal of
the superlattice, the topmost layers will contribute more
strongly to the detected Kerr signal. It has been shown
that the interfaces between Co and Cu get rougher with
increasing distance from the substrate surface. In order
to assess effects due to cumulative roughness in layered
structures, Kerr effect hysteresis loops were measured
from both sides of samples grown on glass substrates. No
obvious difference was observed in hysteresis loops mea-
sured from the top or the bottom of the superlattice
stack. The variation in the absolute value of the Kerr
signal as samples are changed and the magnet and sample
are rotated is less than 5%.

The magnetoresistance (MR) was measured on both
strip-shaped (5 X 8 mm ) and patterned, dumbbell-shaped
( 5 X 0.2 mm ) samples using the four-probe method at
300 and at 77 K with the field (up to 14 kOe) applied in
the plane of film, and the in-plane current both transverse
and parallel to the field. We define MR as
(RH —R„,)/R„„,where R„,is the saturation high-field
resistance.

In Fig. 1 of Ref. 38 we showed the magnetoresistance
at room temperature and at 77 K as a function of the Cu
interlayer thickness for the superlattice Si(100)/Co (6
nm)/[Cu (2 nm) /C(ut)]„ /Co(4. 5 nm) (6(n (13). The
interlayer coupling oscillation period was about 1 nm.
The first MR maximum was suppressed and the value for
the MR was reduced, ' ' ' characteristic of films with
roughness large enough to produce pinhole coupling for
such thin Cu layers. ' The maximum normalized
magnetization oriented at 90 with respect to the field
direction, M (or M9o /M„,), was also shown. The peaks
in the 90 oriented magnetization correspond with the
peaks in the magnetoresistance data at approximately tc„
of 0.8, 2.0, and 2.8 nm. 90 domain orientation is still
present at the first oscillation maximum even though the
value of the MR is strongly suppressed.
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In order to illustrate the correlation between 90 cou-
pling and MR in superlattices with rough interfaces, the
two in-plane components of the magnetization extracted
from longitudinal and "transverse" Kerr efFect hysteresis
loops were shown for selected films in Fig. 2 of Ref. 38 as
a function of the normalized field. In all films examined,
H, (here 2H, is the width of the hysteresis loop along the
M =0 axis) was approximately 30 Oe. Using these re-
sults, the interlayer coupling for tc„0.7 nm and 1.0 nm is
seen to be ferromagnetic. This conclusion is verified by
the squareness of the hysteresis loops and the very small
amount of magnetization M perpendicular to the easy
axis during reorientation. The resulting MR is small and
comparable to the transverse MR results from pure Co
films. The typical interpretation of hysteresis loops at the
first and second oscillation maxima indicates antiferro-
magnetic coupling. ' 'o' In the case of rough inter-
faces, the stepped, compound easy-axis hysteresis loops
resulting from antiferromagnetic coupling are not ob-
served. Rather, the easy-axis hysteresis loops, M, are
canted and rounded. However, during the switching pro-
cess, the magnetization reorients itself along a direction
90 from the easy axis and the field direction. This is
clear evidence that there is 90 domain formation in the
superlattice which appears as 90 coupling.

We have found that the coercivity H, in some of our
Co/Cu superlattices with very thin Cu spacer layers is
slightly larger than the field position H at the MR curve
peak. In contrast, to within the accuracy of our measure-
ments, in the sample having the largest GMR value with
the structure of [Cu (2 nm)/Co (1.5 nm)]„and the sam-
ples with thicker Cu spacer layers, the MR maximum
occurs at H, . Compared with the results from our pure
Co thin-film experiments which show that H, is always
larger than H in all films, we would like to conclude
that those superlattices with thin Cu spacer layers show
some pure thin-film behavior.

Should antialignment between domains within the lay-
ers or between the layers themselves be present, then the
quadrature sum of the magnetization during the switch-
ing process should not be constant. Within the accuracy
of our Kerr e6'ect measurements, some regions of magne-
tization are misaligned with each other. The switching
is not solely due to coherent rotation since little hard-axis
magnetization M is detected in the ferromagnetically
coupled superlattices. In all cases studied here, there is
no correlation between the percentage of misalignment,
extracted from the magnitude of the dip in the M, values,
and the percentage of MR. The field values at the posi-
tion of the MR maxima and the M, minima are almost
the same. In all cases, the estimated change in M& from
saturation to H, due to slope in the easy-axis hysteresis
loops is less than l%%uo. Hence we conclude that the MR is
correlated with 90' (with respect to the field and easy
axes) orientation of domains or layers within the superlat-
tice.

Accurate quantitative micromagnetic structure deter-
mined by STEM electron holography ' can be used to
address the issue of whether or not the domains are mag-
netically coupled throughout the entire superlat tice.

~ RUt
I k
1

~kl I VI IS
'K

E PR ~ ~ %Sf
ae mam

~ 8
,'8BL m & ~ I II Wl

~ dll lmtW paar

FIG. 6. Domain structure for the superlattice with a nominal
structure of Co(6 nm)/[Cu (3 nm)/Co (1.5 nm)]6/Cu(3 um)]. (a)
Fresnel image {2.8 pm across). The domains are numbered 1 —5,
respectively. {b) Absolute mode STEM electron holographic
phase image; {c)A proposed domain structure in the region of
the superlattice imaged in {a), indicating the presence of 90
domain formation within the superlattices stack, and the pres-
ence of domains within the layers themselves.

Figure 6(a) shows a Fresnel image (2.8 pm across} for a
superlattice with a nominal structure of Co (6 nm)/[Cu (3
nm)/Co (1.5 nm)]6/Cu(3 nm), taken at remanence. The
large white area in the upper left of Fig. 6(a) is a hole in
the film. This enables us to perform absolutely calibrated
magnetization measurements in this region of the film.
Fresnel images show domain walls as either white or
black lines. The regions between the walls are the
domains. In Fig. 6(b}, an absolute mode electron holo-
graphic phase image is shown, once again, in zero field.
The maximum slope of the phase within an in-plane
oriented domain absolutely determines the thickness-
averaged magnetization. The magnitude of the satura-
tion magnetization can be typically determined to better
than 2% if the ferromagnetic film thickness is known.
We use the absolute calibration in the phase image shown
in Fig. 6(b) to extract the in-plane component of the mag-
netization within each domain. Assuming a bulk satura-
tion magnetization of Co (18.17 kOe), the calculated max-
imum phase gradient for domains uniformly magnetized
to saturation and penetrating the whole stack should be
0.0414 rad/nm. The maximum phase gradients of the
domains 1, 2, 4, and 5 are 0.041+0.0006 rad/nm, indicat-
ing that the domains penetrate the stack and are uniform-
ly (ferromagnetically) aligned. The phase gradient of
domain 3 is 0.0367 rad/nm, which is 10% less than the
uniformly magnetized value. If a single layer were anti-
ferromagnetically aligned within this domain, the phase
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gradient would have to be 20% lower. Therefore, the
magnetization in one of the layers (10%%uo of the active
thickness) is rotated 90' with respect to the magnetization
in the other layers. A proposed domain structure in the
region of the superlattice imaged in Figs. 6(a) and 6(b) is
shown in Fig. 6(c), indicating the presence of 90' domain
formation within the superlattice stack, and the presence
of domains within the layers themselves. This is strong
evidence to support the results of our Kerr efFect magnet-
ic hysteresis loop measurements and magnetotransport
measurements. No apparent correlation between antifer-
romagnetic alignment (as extracted from total magnetiza-
tion curves) and GMR was observed, indicating that the
GMR was due to 90' alignment of adjacent layers or
domains.

III. INTERLAYER COUPLING
AND MAGNETOTRANSPORT MECHANISMS

The correlations between the 90' magnetization curves
and magnetoresistance measurements suggest that the gi-
ant magnetoresistance in superlattices with imperfect in-
terfaces results from the 90' orientation of domains
within the superlattice stack and the presence of domains
within the layers themselves. A much-debated issue con-
cerns the appearance of GMR in samples that show lit-
tle or no ' evidence of antiferromagnetic inter-
layer coupling. It has been suggested that AF interlayer
coupling may be masked in the Co-Cu (111) system by
stacking faults and pinholes, and 90 coupling may
arise from spatial nanoscopic fluctuations in the inter-
layer coupling through the nonmagnetic spacer layer.
Erickson and co-workers calculated the bilinear (or
180') interlayer coupling constant A, z (J~„)and the bi-
quadratic (or 90 ) interlayer coupling constant B,z based
on a free-electron model and found that both A&2 and
B&2 oscillate with spacer-layer thickness. The overall am-
plitude of B,2 is generally smaller than that of A &2. The
criterion for biquadratic coupling is &&z) ~A, z~. This
may happen at the nodes of the A, 2 oscillation curves
when A, 2 is near zero at certain regions of spacer-layer
thickness. It has been pointed out' that the AF coupling
is suKciently strong to overcome random coercive or pin-
ning forces that oppose realignment within the magnetic
layers only for ideal (perfect) layer structures. However,
near the nodes where the AF couplings goes through zero
and for large spacer thickness, the AF coupling is no
longer strong enough compared to the pinning forces to
define uniquely the magnetic configuration of the multi-
layers. Almost all theoretical approaches to AF inter-
layer coupling are based on the assumption that the lay-
ers are atomically Rat, whereas real samples always have
some interfacial roughness.

The switching behavior of the superlattice can be ana-
lyzed most simply as the coherent rotation of two
exchange-coupled, layers with magnetocrystalline anisot-
ropy, external magnetic field, and interlayer coupling en-
ergies. In order to incorporate roughness into this sim-
ple model, a parameter which describes the percentage of
the films that are antiferromagnetieally coupled is includ-

and

+ [a —p (1—a)]cos(8, —8z),
k

(3a)

—,
' [sin 2( 8i —P) +sin 2( 8z —P )], cubic

[sin (8& —P)+sin (8z —P)], uniaxial

where only three free parameters exist; p ( ~ Jz/J~F ~ ), the
ratio of the ferromagnetic to antiferromagnetic interlayer
coupling strength, a, the percentage of the films that are
antiferromagnetically coupled, and H,„/Hk, the normal-
ized interlayer exchange field representing the competi-
tion between the exchange energy and anisotropy energy.
Here, E is the energy density per unit volume, 6, 2 are the
angles in layers 1 and 2 relative to the x axis, p is the in-
plane easy axis orientation, H and H„are the two com-
ponents of the applied in-plane magnetic field,
Hk =2k /M, is the anisotropy field (k is an efFective bulk-
like anisotropy averaged over the film thickness ), and
H,„=J~z/tM, is the interlayer coupling field (here, M, is
the saturation magnetization). We do not consider the
intrinsic 90 interlayer coupling here mainly because the
biquadratic coupling constant B&2 calculated from the
free-electron model is too small when compared with
A &2. The equilibrium conditions can be obtained by
minimizing the energy using a conjugate gradient
method. No biquadratic exchange energy terms are
necessary to have equilibrium magnetization directions in
the layers at right angles to each other during the switch-
ing processes.

In order to estimate the range of the interlayer cou-
pling values needed in the simple coherent rotation model
outlined above, we convolve the interfacial roughness of
g-=+0.2 —0.4 nm extracted from TEM and SAXS data
with the ideal interlayer coupling data. ' We use the
theoretical data from Ref. 16 calculated for the fcc Co-
Cu (001) system (A=2. 56 and 5.88 ML for short and
long oscillation) at T =0 and interfacial roughness o =0.
For a Gaussian distribution of interfacial roughness, the
intensity and period of the interlayer coupling are to be
modulated by convolution with a Gaussian function as

Aiz(t, a )=(oV'2) f Aiz(g' —t)exp( —g' /2cr )dg,

where t is the spacer-layer thickness. Figure 7(a) shows
results of the convolution where the solid line is the
theoretical data from Ref. 16 for an ideal fcc Co/Cu su-
perlattice, and Ao is about 13 ergcm . It can be seen

ed. Phenomenologically, the total energy of a superlat-
tice, with magnetic layers having identical thickness t and
area 3, can be written in dimensionless form as

H
2k H

(cos8 +cos8 )

H
(sin8, +sin8z)+ —,'q(8&, 8z,P)

Hk
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clearly that the period of oscillation spreads out and the
intensity of AF coupling is diminished as the roughness
increases. The intensity of the coupling for an rrns
roughness of 0.2 nm is only 20 Jo of that compared to the
theoretical curve representing perfect layers with zero
roughness. At this roughness (0.2 nm), very weak AF
coupling appears at the Cu spacer thicknesses of 0.9, 2.0,
3.0, and 4.0 nm, as shown in the expanded view of Fig.
7(b). This period is consistent with the accepted range of
Cu spacer thicknesses indicating that the interfacial
roughness and incomplete AF coupling should be con-
sidered in interpreting experimental data reported for
Co/Cu superlattices. This weak AF coupling is totally
masked at the roughness of 0.4 nm leaving the possibility
for 90 coupling. Only after the interlayer AF (180') cou-
pling is masked by interlayer roughness does the 90' cou-
pling (in the strict sense, 90' orientation of domains
within superlattice stack and the presence of domains
within the layers themselves) arising from interfacial
roughness become dominant. This is indicated in the
magnetic phase diagrams in Fig. 8. Here, coupling re-
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A» (normalized to A 0) with different roughness for (a) fcc Co-
Cu multilayers as a function of the Cu spacer thickness showing
that the intensity is diminished and the period modified as the
roughness increases. (b) 2» with a roughness of 0.2 nm is only
20% of zero roughness coupling constant, and this weak AF
coupling is almost totally masked with a roughness of 0.4 nm.

gimes are extracted from hysteresis loops generated with
the coherent rotation model expressed in Eqs. (3). Re-
gions are specified by the type of coupling present at the
coercive field as I (ferromagnetic), III (antiferromagnet-
ic), and II (90'). In Figs. 8(a) —8(c), cubic in-plane anisot-
ropy was assumed, while in Fig. 8(d), in-plane uniaxial
anisotropy was selected. The values of H,„/Hk are 3, '2,

and 1 in Figs. 8(a), 8(b), and 8(c), respectively. In the uni-
axial case, Fig. 8(d), H,„/Hk= l. All coupling phase dia-
grarns, obtained from simulations with in-plane fourfold
anisotropy, show three coupling regions shifted from left
to right as the H,„/Hk decreases, indicating the competi-
tion among anisotropy, interlayer exchange coupling, and
external field energy. ' Only a narrow region of very
weak antiferromagnetic coupling exists when anisotropy
is dominant (Hk )H,„).This narrow antiferromagnetic
coupling region totally disappears when Hk ))H,„,while
90' coupling always coexists with ferromagnetic coupling
for the fourfold anisotropy case. When uniaxial anisotro-
py is dominant, the 90 coupling region as extracted from
the coherent rotation model disappears, as shown in Fig.
8(d). A distribution of fourfold easy axes can be used to
describe the anisotropy of our Cu/Co superlattices. For
our films, H, =35 Oe. In a coherent rotation model, the
switching field for in-plane cubic anisotropy is typically
60% of 2k/M„hence, Hk -60 Oe. This yields a value of
JAP=0. 039 erg/cm . Based on this crude model, this
value is in reasonable agreement with the published data
for the Co/Cu system. The structure of the coupled
hysteresis loops for the three regions is shown schemati-
cally in Figs. 9(a) —9(i) (with a distribution of in-plane



4270 Z. J. YANG AND M. R. SCHEINFEIN 52

1.0
0.6
0.0

—o.5
—1.0

Mx/Ms

—2 —1 0 1 2

My /Ms Coupling Angle
100

(c) sc(b)
0.5
0.0

—0.5 —50
—1.0 I I I -100

—2 —1 0 1 2 —2 —1 0 1 2

M /MMx/Ms

1.0 -(b')
0.6

1 0 -( )0.6
0.0

—0.6
—1.0

0 0
—0.6
—1 0 I t R

-4 -2 0 2 4 -4 -2 0 2

Coupling Angle
100

50

- -50
—10o

4 —4 —2 0 2 4

0.0

—2 —1 0 1 2

1.0 -( )
0,5
0.0

—0.5
—1,0

—2 —1

360
- 270

180

&~ sc
I I I I I 0
0 1 2 —2 —1 0 1 2

(d)0.5
0.0

—0.5
—1.0

1.0 -( )

0.0 fl 0

—0.6
—1 0 I

—4 —2 0 2 4 —4 —2 0 2 4 —4 —2 0 2

180
150
120

- 90
60

- 30
0

4

1.0 -(b)
0.5

1.0-
0.5

0,0
—0.5

0.0
—0.5
—1.0 —1.0

1 I I I I

—2 —1 0 1 2 —2 —1 0 1

360

270

180

90
r ~ I 0

2 —2 —1 0 1 2

,", (g)

0.0
T

' (h)

0.0
—0.5
—1.0

I I I I I

—4 —2 0 2 4 —4 —2 0 2 4 —4 —2 0 2

180
- 150

)- 120
- 90
- 60
- 30

0
4.

H/H k H/H k H/Hk H/H k H/Hk H/Hk

FIG. 9. Compound longitudinal hysteresis loops and
interfilm coupling angle between two adjacent ferromagnetic
layers during switching processes (H,

„
/Hk =3 and

J~/JA„=0.5) for ferromagnetic coupling [(a)—(c)], 90 coupling
[(d)—(f)] and antiferromagnetic coupling [(g)—(i)], with a distri-
bution of in-plane fourfold anisotropy.

FIG. 10. Compound longitudinal hysteresis loops and
interfilm coupling angle between two adjacent ferromagnetic
layers during switching processes (H„/Hk =3 and
Jz/J~„=0.5) for ferromagnetic coupling [(a)—(c)], 90 coupling
[(d)—(f)], and antiferromaguetic coupling [(g)—(i)], with easy axes
along the x direction.

fourfold anisotropy) and in Figs. 10(a)—10(i) (easy-axis
loops). The compound longitudinal hysteresis loops and
the coupling angle between the films during the switching
process (H,„/Hk =3 and JF/J~„=0.5) are shown for
ferromagnetic coupling (a) —(c) (AF coupling percentage
a & 30%), 90' coupling (d) —(f) (30% & a & 60%%uo), and anti-
ferromagnetic coupling (g) —(i) (60% &a &100%). The
coupling angle curves (c), (f), and (i) display the difference
in orientation between the magnetization in the layers
and clearly show three minimum energy states for fer-
romagnetic coupling, 90' coupling, and antiferromagnetic
coupling. Cubic fourfold in-plane anisotropy describes
magnetization reorientation processes better than the
uniaxial anisotropy does, and a distribution of anisotropy
directions produces more realistic hysteresis loops, as
compared with our MOKE measurements. The crude
model is not intended to yield actual (measured) hys-
teresis loops, but rather to indicate the possibility of
different coupling regimes.

It has been suggested that imperfections in the lay-
ered structure of Co-Cu multilayers stabilize defects in
the films' zero-field magnetic substructures, which in turn
degrade the macroscopic physical properties. Horizontal
antiphase domain boundaries are the most influential
magnetic defects which cause the reduction of
(b,R /R);d„&in the model propose in Ref. 69. In contrast,
our results indicate that 90' orientation of domains
within the superlattice stack and the presence of domains
within the layer themselves (average distribution of 90
domains) are the main reason for observing the CrMR
effect in superlattices with imperfect interfaces. If we as-
sume the fraction of the film in some misaligned state

R measured

=f(8)
RT —Rgt Rg —R)t

Rgg R))

=f(8)
R

R
&&

is due to scattering from impurity, magnon, pho-
non, and other dead layers (inactive) and rest of the struc-
ture. ~' Here, R s =hR +R t &

(b,R is the resistance due to
spin-dependent scattering). According to spin-dependent
scattering theory, ' the transmission coefficients of an
electron propagating between the two ferromagnetic lay-
ers are related to the angle 8 (8=8,—8z) between the
magnetization vectors in the two layers as follows:

Tt t
= Tt t =cos (8/2),

Tt t = T& t =sin (8/2) .

with an average angle 0 between the magnetization direc-
tions is f (8) and the fraction of the film remaining in the
aligned (ferromagnetic coupled) state is f t &, then we
have f t &+f(8)= 1. The total sheet resistance due to the
partially aligned films is

Rr=f(8)Rs+f ttRtt

= f(8)(Rs —R t t )+R t t,
where R&& is the resistance of the aligned state. The
transverse magnetoresistance in a real system (the full-
aligned magnetic film orientation is never achieved ) can
be calculated using the simple linear relationship as fol-
lows.
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This leads to a simple expression for the angular depen-
dence of b.R (Ref. 70) in the form of

AR =(b.R && )sin (8/2), (9)

where (b,R t &
) is the resistance of ideal antiferromagnetic

coupling due to spin-dependent scattering. Therefore,
the giant magnetoresistance in a real system with com-
plex angular coupling due to interfacial roughness can be
written as

R measured

=f(8)sin 0
2

0=f(8)sin
2

bR))
Rgt

AR
R ideal

(10)
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FIG. 11. Saturation MR oscillation curves. The line with
solid circles showing GMR oscillation curve is calculated from
Eq. (10), the line with closed triangles is MR data at room tem-
perature from Ref. 4, and our 90' coupling MR oscillation curve
of the Co/Cu system at room temperature (open triangles) is
fitted with the calculated data (solid circles); see text.

where (hR/R);d«& is the MR value due to AF coupling
in ideal AF coupled superlattice. We take the simplest
possible interpretation where the superlattice consists
solely of 90 oriented regions and ferromagnetically
aligned regions. The fraction of the film in the 90' orien-
tation is just twice the normalized (M /M, ) curve in Fig.
1 of Ref. 38. Here, 8=90' and sin (8/2)= —,'. Therefore,
the expected magnetoresistance is simply the percentage
of the film magnetized along M„multiplied by 0.5
(hR/R);d„& for a system with ideal AF coupling com-
posed of a given number of multilayers. We apply our
90 coupling factor to the GMR data at room tempera-
ture from Ref. 9. The modulated MR data in Fig. 11
(solid circles) are calculated from Eq. (10), where the
room-temperature (hR/R);z„& data was extracted from
Ref. 9. (hR /R);d„& was scaled by an empirical factor of
0.6, in order to account for the fact that the saturation
MR increases with the bilayer number n. The comput-

TABLE I. Dependence of MR values and saturation resis-
tance R„,at saturation field H, (14 kOe) on Cu spacer thickness
for Si(100)/Co (6 nm)/[Cu(tc„)/Co (1.5 nm)]„/Co (4.5 nm) with
n between 6 and 13.

Cu spacer thickness t (nm) R„,(H, =14 kOe) (Q) MR (%)

0.7
0.8
2.0
3.5

6.036
5.088
1.47
1.585

0.6
1.67
7.14
3.6

IV. DISCUSSION AND CONCLUSION

Giant magnetoresistance and interlayer coupling in
Co/Cu superlattices grown on Si(100) oriented crystals.
Corning cover glass slides, and holey carbon film covered
grids in a dual-beam electron evaporation chamber have
been investigated with MOKE, SAXS, LAXS, RBS,
cross-section TEM, and STEM electron holography
domain observation. LAXS and SAXS profiles and TEM
images have shown that the superlattices are polycrystal-
line, having fcc (111)orientation with coherent grain-to-
grain epitaxy and an average grain size ranging from 10
to 14 nm. The superlattices have well-defined layered
structures with interfacial roughness of +0.2—0.4 nm.
The magnetotransport measurements show that the mag-
netoresistance oscillates with a period of about 1 nm as a
function of the Cu spacer-layer thickness. The magni-
tude of the component of the magnetization perpendicu-
lar to the applied magnetic-field direction oscillates with
the same period. The total magnetization, calculated
from the two in-plane hysteresis loops, is used to deter-
mine that 90 domains are formed between ferromagnetic

ed MR curve fits nicely with the experimental MR oscil-
lation curve (open triangles) for our series of Co/Cu su-
perlattices except that the value of the MR in our sample
with Cu spacer thickness of 0.8 nm at the first oscillation
peak is strongly suppressed. This modeling implies that
the principal reason why the magnetoresistance values of
imperfect Co-Cu multilayers fall below some ideal value
is the competition between the 180' coupling and the 90
coupling in the regions of AF coupling. This competition
leads to the complicated magnetic configuration and
domain structure of the superlattices. The effect of inter-
facial roughness on interlayer coupling masks the 180
coupling and gives rise to 90 coupling. This 90' coupling
is the main reason for observing the GMR effect in super-
lattices with imperfect interfaces.

The suppression of the MR value, at the first oscilla-
tion position in our superlattice with Cu spacer thickness
of 0.8 nrn having a wavy layered structure and very
rough interfaces, may imply that interface scattering is
not favorable in the Co/Cu system to produce high
values of MR. As shown in Table I, the resistance R„,at
the saturation Geld increases as the Cu spacer thickness
decreases, indicating that the suppression of MR values
at the thinnest Cu spacer thicknesses in superlattices with
rough interfaces may be caused by diffuse surface
scatter, increase of the sheet resistance, " and any
deleterious effects due to pinhole formation.
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Co layers across the Cu spacer layers in the superlattices,
confirmed with domain observation from STEM electron
holography. The correlations between the oscillation
curves of the 90' magnetization and magnetoresistance
suggest that the giant magnetoresistance in superlattices
with imperfect interfaces results from the 90' orientation
of domains within adjacent Co layers. An interfacial
roughness coupling model, based on a modified
Ruderman-Kittel-Kasuya-Yosida theory, is proposed for
interpreting GMR values and 90' interlayer coupling,
The model implies that the principal reason why the
magnetoresistance values of imperfect Co/Cu multilayers
fall below some ideal value is the competition between
the 180 coupling and the 90 coupling in the regions of
AF coupling. This competition leads to the complicated
magnetic configuration and domain structure of superlat-
tices. It can be concluded that the effect of interfacial
roughness on interlayer coupling constants masks the
180 coupling and gives rise to the 90 domain formation.
Measured GMR values in superlattices with 90 domain
orientation are modulated by an oscillatory factor due to
90' orientation of domains within adjacent Co layers.
Magnetoresistance values measured at room temperature
and at 77 K from the superlattice Si(100)/Co (6 nm)/[Cu
(2 nm)/Co (1.5 nm)]s/Co(4. 5 nm) with the Cu spacer-
layer thickness at the second oscillation peak are 7% and
14%, respectively.

It has been reported ' that the GMR value in sput-
tered superlattices depends strongly on the bilayer num-
ber. We grew films that were sufticiently thin so as to be
electron transparent to 100 keV electron beams so that
we could characterize the magnetic microstructure using
electron holographic methods. Figure 12 shows the
dependence of the GMR value on the bilayer number n
for our GMR superlattices of Si(100)/Co (6 nm)/[Cu (2
nm)/Co (1.5 nm)]„ICo (4.5 nm) as n increases from 2 to
8. Our modest values of GMR could be the result of the
small bilayer number n in our samples and our choice of
tc, of 1.5 nm. Our GMR values are not that differegt
from those reported in Refs. 22 —25, where the suppres-
sion of the first oscillation peak at the Cu spacer-layer
thickness of 1.0 nm was also observed.

Further, the interfacial roughness of +0.2—0.4 nm es-
timated from SAXS data and TEM images is reasonable
and can be used in our theoretical model to set an upper
limit on the intrinsic coupling strength. The minimum

0
0

B I I aye r Number n

10

FIG. 12. Dependence of GMR value on the bilayer number n
in the series of superlattices Si(100)/Co (6 nm)/[Cu (2 nm)/Co
(1.5 nm)]„/Co {1.5 nm)]„/Co (4.5 nm), showing that the GMR
value increases with the bilayer number n.
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Cu spacer-layer for our superlattices, corresponding to a
layer structure in which each Co atomic layer is atomi-
cally close the adjacent Co layers, is approximately 0.8
nm. In this case, strong 90' coupling is still present at the
first oscillation maximum even though the value of the
MR is strongly suppressed, suggesting that the effects of
the spin-dependent density of states on the GMR scatter-
ing mechanism are quenched in the limit of very thin
spacer layers.
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