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Magnetic properties of uniaxial synthetic antiferromagnets for spin-valve applications
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The magnetic properties of synthetic antiferromagnetic (1®)/Ta (5 nm)/Co(ty)/
Ru (0.65 nm/Ca(ty)/Ta (10 nm with an obliquely sputtered Ta underlayer are reported as a function of the
top Co layer thicknesg,. The morphological origin of the large in-plane magnetic anisotropy created by the
obliquely sputtered Ta underlayer is revealed by atomic force microscopy. The magnetic anisotropy of the base
Co layer is determined by measuring the dispersion of the Damon-Eshbach spin-wave mode with Brillouin
light scattering. Ferromagnetic resonance measurements and hysteresis loops reveal that both the anisotropy
and the saturation field of the trilayer system decrease with increasing top Co layer thickness. The dependence
of the saturation field on layer thickness is fitted to an energy minimization equation that contains both bilinear
and biquadratic exchange coupling constants. Magnetoresistance and polarized neutron reflectometry results
both confirm that the magnetic reversal process of the system is through magnetic domain formation followed
by rotation.
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Synthetic antiferromagneti(SyAF) structures consisting prepared on obliquely sputtered Ta underlayers have large
of nonmagnetic spacers sandwiched between two ferromagn-plane uniaxial anisotropy due to the pinning effect from
netic layers have been studied extensively due to their applihe anisotropic roughness of a Ta underldy@r.Such a
cations in spin-valvgSV) devices, such as read heads andSyAF structure can simplify the SV devices by eliminating
magnetic random access memotigdRAM),'2as well as in  the AF pinning layet! The purpose of this study is to see if
recording medi&.A typical SV device consists of an antifer- desired properties of SV devices, such as the exchange cou-
romagnetic(AF) pinning layer, a SyAF pinned layer, a non- pling strength, magnetic anisotropy, magnetic domain struc-
magnetic spacer layer, and a ferromagnetic free gam-  ture, and magnetization reversal process, can be achieved by
sitive response to the external field by a rotation of thetuning the SyAF structure.
magnetization vector of the free layer is crucial to the SV  While many efforts have been devoted to study the oscil-
performance. With the rapid shrinking of device dimensions]atory behavior of the interlayer exchange coupling with in-
the magnetostatic interaction between the pinned and freereasing interlayer thickness, less attention has been given to
layers becomes significant, degrading the device perforstudy the dependence of coupling streAgtind the in-plane
mance. Using a SyAF structure as either the free layer or thaniaxial anisotrop}? on the thickness of the ferromagnetic
pinned layer has the advantage of producing an adjustablayers. It is important to achieve a better understanding of the
net magnetic moment and reduced magnetostatic interacticgffect of changing ferromagnetic layer thickness on the in-
between the layers, thus insuring good field sensitivity. plane uniaxial anisotropyK,, the coupling strength mea-

For media applications, no in-plane anisotropy is neededsured by the saturation fieléis,, associated with the mag-
while in-plane anisotropy is preferred for SV deviéeEBhe  netic moment configurations and the switching process of the
in-plane magnetic anisotropy that pins the SyAF magnetiza€o layers.
tion is usually induced by the exchange coupling to an AF In a previous paper, we reported that a 0.65-nm Ru
layer. Large magnetic anisotropy can also be induced byhickness resulted in strong and stable interlayer exchange
ripple and step structured magnetic fildfsSyAF structures  coupling of the Co layer¥) Here, we report a study of
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SyAF structures with varying Co thickness: (8i0)/
Ta (5 nm)/Co(t;)/Ru (0.65 nm/Co(t,)/Ta (10 nm. The ’
samples were prepared by sputtering in a system with a bag
pressure of X10°mbar and a sputtering pressure of
4.5X 102 mbar of ultrapure Ar gas. Film thickness was de-
termined by using a calibrated quartz microbalance. The Te
incidence direction was set at 60° from the sample normal s
that the Ta grains grew at a tilted angle, forming a Wavy"

surface. The Co and Ru grains of the subsequent layers greg EA.

without a preferred direction.
The surface morphology of the as-deposited Ta underlaye
was studiedex situwith a Digital Instruments Nanoscope 1V
atomic force microscopyAFM). Hysteresis loops were mea-
sured by an alternating gradient magnetomeA&M). Mag-
netic properties of the samples were measured using Bril-
louin light scattering (BLS), ferromagnetic resonance  m Section Analysis
(FMR), magnetoresistancéMR) measurement, and polar- i
ized neutron reflectometrfPNR). Details of the BLS mea-
surement were reported elsewhé&teThe FMR measure- M
ments were carried out with a rectangular cavity in the
transverse electri€TE) 104 mode with the magnetic field
applied in the plane of the film. MR data were collected
using the van der Pauw configuration with external magnetic
field (Hey) parallel to the in-plane magnetic easy axis and the g
current flowing both perpendiculail |) to the easy axis.
PNR measured by a neutron reflectometer, POSY1, at Ar-
gonne National Laboratory, was used to determine the mag- FIG. 1. AFM image showing the topography of the obliquely
netic reversal process of the samples. sputtered 5-nm Ta underlayer. The scan size isX2880 nnt. The
Figure Xa) shows the AFM image of an as-deposited cross-sectional view shows the profile of the one-dimensional
5-nm Ta underlayer. The surface structure resembles on&avelike structure.
dimensional waves with an average amplitude of 0.3 nm and
an average wavelength of 25 nm with crests and valleysaturation magnetization fixed to the value 1400 erg/cm
aligned perpendicular to the incidence direction of the TaThe best fit gives K,=(7.6+0.04 X 10° erg/cn? and
flux. Figure Za) shows the dispersion of the Damon-EshbachK =(2.6+0.06 X 10° erg/cn¥. This analysis gives a fitted
(DE)** mode as a function of the in-plane direction of the value of the thickness of the Co layer of 5.5+0.4 nm, and is
external magnetic field. Distinguishable easy-aE#) and  in reasonable agreement with the nominal value determined
hard-axis (HA) hysteresis loops of the Co underlayer areusing the quartz microbalance. The slightly higher fitted
shown in the insets. The E@=0°) is along the crests’and value for the film thickness may originate from the morpho-
valleys’ direction and perpendicular to the Ta incidence di-logical properties of the obliquely sputtered Ta underlayer.
rection while the HA(®@=90°) lies along the projection of The value of K, gives a uniaxial anisotropy field,
the Ta incidence direction onto the substrate surface. H,=2K,/M¢;=1.0 kOe, determined by this BLS analysis,
To further investigate the in-plane magnetic anisotropyand is in very good agreement with the value which can be
BLS measurements have also been performed by changirestimated from the saturation of the HA loops. Although a
the intensity of the magnetic field along the ER=0°) and  non-negligible out-of-plane anisotropy has been found, the
the HA (®=90°). The results of these measurements arecorresponding out-of-plane anisotropy field of 3.7+0.08 kOe
reported in Fig. f). Along the EA, the spin-wave frequency is not high enough to overcome the huge demagnetizing field
(solid dotg decreases with external field, while along the HA of approximately 17.6 kOe which aligns the magnetization
(open doty there is a local minimum in the frequency at an of the Co layer in the film plane.
external field of about 1 kOe followed by a field range where The uniaxial anisotrop¥, and saturation fieltHs, of the
the frequency is almost constant. This is typical hard-axisSSyAF system were studied as a function of top Co layer
behavior, and indicates a reorientation of the magnetizatiothickness. Figure @) shows the in-plane angular depen-
for a field of about 1 kOe. In fact, upon reducing the strengthdence of the resonance fielt,, determined from FMR
of the external field, the magnetization does not remain orispectra for samples with different top Co layer thickness.
ented along the hard in-plane direction and starts to rotatéhe anisotropy field was determined as the difference be-
towards the nearest in-plane easy direction. To determine tH#een the resonance fields measured from the(®A0°)
uniaxial in-plane anisotropy¥,, and the out-of-plane aniso- and HA(®=+90°) of the sample. The anisotropy field in-
tropy, K, both the DE frequency dependence on the in-planeluced by the wavy surface of the Ta underlayer and the
direction of the applied field, as well as that on the intensityexchange coupling through the Ru spacer, was found to be
of the external field, were simultaneously fitted keeping thanversely proportional to the top Co layer thickness. In addi-
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FIG. 2. Dispersion of the Damon-Eshbach mode for FIG. 3. (a) In-plane angular-dependent resonance field of
Si(100//Ta (5 nm)/Co (5 nm)/Ta (10 nm as a function ofa) the  Si(100)/Ta (5 nm)/Co (5 nm)/Ru (0.65 nm/Co (t,)/Ta (10 nm
in-plane direction of the magnetic field afio) of the field intensity  as a function of top Co layer thickness, (b) Dependence of easy-
applied along the easiull point) and hard(open pointg in-plane  axis saturation fieldHs,0n top layer Co thickness. The dashed line
directions. In all measurements the incidence angle of light is 30°is a fit to the model described in the text. The inset shows the
In (a) and (b) the continuous curve is the result of the fitting pro- hysteresis loop of a symmetrical Co/Ru/Co SyAF structure.
cedure. The insets dB) also show the hysteresis loops measured
along the easy- and hard-axis in-plane directions. calculation of a phenomenological expression for areal en-

ergy density in a SyAF structufé. A coherent rotation
tion, the effective coupling strength was found to be a func-mechanism was assumed in the magnetic reversal process for
tion of the top ferromagnetic layer thickness. Figui@)3 the SyAF structure. A good agreement with the experimental
shows the easy-axis saturation fiéld, as a function of the Values forHg, is obtained forj; +j,=0.85 erg/cri. As sug-
top layer Co thicknesst,. Typical magnetization curves, gested by a recent magneto-optical indicator film measure-
measured both along the in-plane EA and HA, for a sym-ment on a Cd2.6 nm/Ru (0.5 nm/Co (2.1 nm) trilayer at
metrical structure, C¢5 nm)/Ru (0.65 nm/Co (5 nm), are  remanence, where a noncollinear coupling of the two Co
shown in the inset of Fig.(8). In order to obtain a quanti- layers was observeld, the anisotropy and the coupling
tative gauge of the coupling strength dependence on top Cc#irength decrease may be attributed to a competition between

layer thickness, the data is fit'fo the antiferromagnetic exchange coupling through the Ru
layer and the ferromagnetic coupling from local Co atoms.
Y _i<1_£>(- i) Figures 4a) and 4b) show thel, MR curves for the
oM\ )T samples of Cd5 nm)/Ru(0.65 nm/Co (5 nm and

5 N Co (5 nm)/Ru (0.65 nm/Co (20 nm. The higher resistance
+ 1 \/F(l - 1)(] +j,) + 2K J + AKy(is* o) subpeaks observed in both curves originate from anisotropic
Mg 2\t Lo ! tr ' magnetoresistancé As the resistance at the peaks is higher
(1)  With respect to that measured at saturation, where the layer
magnetization is uniform and parallel to thg,, it is pos-
where Mg is the saturation magnetization for Ci§, is the  sible that the layer magnetization at the peaks is not uniform
induced uniaxial anisotropy of the bottom Co layer, gad and may have some components perpendiculét.tp Both
and j, are the bilinear and biquadratic exchange couplingeatures suggest that the subpeaks of the MR curves originate
constants, respectively. We approxim#igto be equal to its  from Co layers splitting into multiple domains during the
average value to fit the dependenceHgf;on top layer thick- magnetization reversal process.
ness. This equation was obtained by an energy minimization As demonstrated by the direction change of magnetiza-
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FIG. 4. (& MR curve of S{100/Ta(5 nm/Co (5 nm)/ Momentum Transfer q (nm'l)
Ru (0.65 nm/Co (5 nm)/Ta (10 nm. (b) MR curve of S{100)/ z
Ta (5 nm/Co (5 nm/Ru (0.65 nm/Co (20 nm/Ta (10 nm. FIG. 5. Spinflp reflectivity measured on a
Both measurements are performed in theconfiguration. The ar- Co (16 nm/Ru (0.65 nm/Co (4.5 nm sample: At saturation at
rows show the magnetization direction for the two Co layers. 3 kOe (filled circle); (a) at AF-ordered states at +200 Qfiled

squarg and —200 Odopen square (b) During transitions between
tions of both of the two Co layers in Fig. 4, the magnetiza-saturation and AF-ordered state at +600 @ied triangle and
tion reversal processes occur only at the critical figjgdfor ~ —600 Oe(open trianglg. Enhancement of the spin-flip reflectivity
the symmetrical structure, whereas reversal occurs at bot#uring the transitions revealed rotated Co magnetization.
the critical and coercive fields for the asymmetrical structure.
In Fig. 4(b), the center peaks for the asymmetrical SyAFsample surfaceq, =4 sin 6/\. The spin-flip reflectivity is
structure are due to the formation of domains within both ofcaused by magnetic moments that are perpendicular to the
the Co layers followed by simultaneous switching of magne-applied field direction; its presence during reversal indicates
tizations, while no similar switching process is necessary fothe magnetization reversal process is not a nucleation and
the symmetrical structure. The magnitude of the center sulyrowth of domains in the opposition direction. Figure 5
peaks of the asymmetrical SyAF, at the coercive fields, ishows the measured spin-flip reflectivity. They were mea-
also slightly higher than the other two subpeaks. This is dugured at saturation with an applied field of 3 k{Bégs. 5a)
to the fact that both Co layers contribute to MR when theyand 5b)]; at +200 Oe when the Co layers are AF ordered
form multiple domains, creating domain walls and reversingFig. 5a)]; at +600 Oe, during the transition from saturation
magnetizations simultaneously &, while only one Co to the AF-ordered state; and during the transition in the op-
layer reverses at the critical field on each side. posite directions at —600 d&ig. 5b)].

In a previous study, we reported the use of PNfs. At saturation, where both Co layers are magnetized along
18-20 to study the magnetization of individual Co layers in the applied field, the nonzero intensity in the spin-flip chan-
different  magnetic  states on a Cb6nM/  nel is due to the background noises from the limited effi-
Ru (0.65 nm/Co (4.5 nm SyAF sample® We found the ciency of the polarizer, the spin flipper, and the analyzer. At
thinner Co layer reversed its magnetization when the systerthe AF-ordered state at +200 Oe, the spin-flip reflectivity
went from saturation to AF-ordered state. PNR can also beurves are virtually indistinguishable from those measured at
used to examine the process by which the Co layer reverseshturation[Fig. 5a)]. The moments in both Co layers are
its magnetization during the transition. During the measureeollinear with the applied field. This result agrees with the
ments, pulses of polarized neutrons with wavelengtng-  results of non-spin-flip PNR measurements in our previous
ing from 0.2 to 1.4 nm impinge on the sample at a grazingeport!® where we found the thicker Co layer aligned along
incident angled<1°. The reflectivity of the neutrons that the applied field and the thinner Co layer was in the opposite
reverse their polarizatioffspin-flip reflectivity”) is recorded direction. Enhancement of the spin-flip reflectivity was
as a function of the momentum transfer perpendicular to thelearly observed during the transitions between saturation
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and antiparallel state at £600 Oe. This spin-flip intensity in-axis loops. The anisotropy shows that SyAF structures pre-
dicated that there are magnetic moments transverse to thwared on obliquely sputtered Ta underlayers have potential
applied field in the thinner Co layer as it reversed its mag-applications in SV devices. The SV structure can be im-
netization. The reversal did not occur through a nucleatiorproved by eliminating the AF pinning layer, which is a

and growth of magnetic domains in the opposite direction. Asource of high resistance in current perpendicular to the
comparison with calculated reflectivity also ruled out coher-pjane devices. In addition, the anisotropy field and the cou-

ent single-domain rotation as the reversal mechanism. Thgjing strength can be tuned as a function of top Co layer
observed magnetization switching substantiates the resulifickness.
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