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Soft x-ray magnetic scattering evidence for biquadratic coupling in C6Cu multilayers
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Soft x-ray resonant magnetic scattering has been used to study the magnetic structure of sputtered Co/Cu
multilayers. A pure magnetic peak, at half the scattering vector of the structural Bragg peak from the
multilayer, was observed from layers with and without deliberate oxygen contamination in the middle of the
copper spacer layer. With increasing field in the sample plane, the magnetic peak intensity varied very differ-
ently for the two types of sample due to the high sensitivity of the magnetic scattering to changes in moment
rotation in the sample plane. The data provide strong support for a model of biquadratic coupling in the
contaminated samples and bilinear, antiferromagnetic coupling in the clean samples.

[. INTRODUCTION characterize the interface structure and crystallographic tex-
ture of the samples.

Despite being the subject of great attention, Co/Cu multi- Soft x-ray resonant magnetic scattering measurements at
layers continue to provide new scientific twists to the underthe L, ; edges of transition metals have recently been under-
standing of the mechanism of giant magnetoresistanctken by a number of researchers. Ketal® observed large
(GMR). It is well established that residual gases in sputteringesonances in the scattering from a 35 A iron layer depos-
chambers can have a significant effect on the properties dfed on GaAs in the vicinity of the, ; edges of iron. They
such multlayers, KO and Q being particularly e_xte.n_ded the calcglat|on of Hannenal.” but four_‘ld that no
damaging-? However, more recently it has been suggestecﬁ'g”'f'cam corrections to the model were required to fit the
that a very low level of @ can be beneficial to the operation data taken at the, ; edges of the 8 transition metals. Sev-
of spin valve structuredIn studies of the effect of residual eral authors have used circularly polarized light tuned to the

gases at different positions in the multilayeviarrowset al. Co L5 absorption edge to study magnetic multilajérand

have found that, in contrast to equivalent clean samplesSpln valve structureS: Tonnerre etal.” and Hashizume

; e i et al1? have studied multilayer structures of Ni/Ag and Gd/
Wh'Ch. exh|p|t high GMR and strong antiferromagne(ir) . Fe, respectively. They haveyshown that for antife?romagneti—
coupling with near zero remanence at 9 _A Cu spacer th'CkE:aIIy coupled bilayers, a pure magnetic Bragg peak is ob-
ness, samples that were gas damaged in the middie of the,veq at a vector half that of the first charge scattering
spacer layers showed a reduction in GMR by a factor of 2g54q peak from the multilayer. We have studied the equiva-
and a substantial remanent magnetization. By modeling magant peak in Cu/Co multilayers, originally observed byw&e
netization, determined by the magneto-optic Kerr effectgt 5113 The field dependence of this pure magnetic peak,
(MOKE) and GMR, Marrows and Hickey proposed that thewhich is also revealed in polarized neutron scattering, has
interlayer coupling contains both bilinear and biquadraticvery recently been used by Borchetsal.}* to determine the
components. In the case of the gas-damaged samples, thdomain structure in weakly coupled Co/Cu multilayers.
biguadratic coupling dominates and the moments of adjacent
Co layers are thus predicted to orient at close to right angles
with each other. The moments of adjacent Co layers in the

clean samples are expected to couple antiferromagnetically, Soft x-ray magnetic scattering measurements were per-
as the bilinear term dominates. In order to provide additionatormed on a two-circle diffractometer in a high vacuum
support for this interpretation, we have undertaken soft x-rayhamber on stations 1.1 and 5U1 of the Daresbury Synchro-
resonant magnetic scattering experiments at thé_£edge  tron Radiation Sourcé€SRS. A spherical grating monochro-

in varying magnetic fields. By studying, as a function of mator focused and monochromated the beam to provide a
magnetic field, the intensity of the pure magnetic peak arisflux (~ 10'° photons/sec per 100 m/Aat the sample, cover-
ing from antiferromagnetically coupled bilayers, we showing the energy range between 200 and 1000 eV, with a reso-
that the coupling is very different and totally consistent withlution of approximately 500 meV. The polarization state of
a biquadratic coupling model. We have also undertakenhe incident x rays on station 1.1 was approximately 70%
high- and low-angle scattering measurements with x raysircularly polarized, while that on station 5U1 was almost
tuned to the coppdf absorption edgé8.98 ke\j in order to  100% linearly polarizedthe flux and energy resolution are

II. EXPERIMENTAL DETAILS
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FIG. 1. Schematic diagram of the magnetic scattering geometry. E
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similar for both stations The magnetic resonant scattering
term is proportional to the vector produceke)-M

=P-M wheree ande; are unit vectors parallel to the inci-
dent and scattered beam polarization vectors, Mnis the
sample magnetizatiol?.When the beam is linearly polarized

in the horizontal plane and scattered into the vertical
(o— ), the experiment is sensitive only to the components
of magnetization in the scattering plane beéra., M, and

M, in Fig. 1). Due to the anisotropy in these samples, lthe
component of the magnetization is zero, and deviations away
from this position can be thought of as magnetic roughness.
The cross section for the magnetie— o scattering is zero.
The circularly polarized component of the incident beam in- -
troduces the possibility of— o as well asr— 7 scattering. %002 o001 5 0001 0002
The m— o scattering is sensitive to the same components of
magnetization as the— 7, but with a 180° phase shift. For (b) q, (A7)
an antiferromagnetically coupled sample, the>o and the
o— r scattering will result in a magnetic Bragg peak at half
the g vector of the structural Bragg peak. The cross producﬁ
of the incident and exit polarizations for the— 7 scattering

lies perpendicular to the scattering plane, along the direction . STRUCTURAL RESULTS
M, . In the present experiments the magnetization compo- o o
nentM, has the same sense for all cobalt layers. Any con- All samples gave remarkably similar grazing incidence
tribution to the magnetic scatter from the— 7 scattering X T@Y scattering results, typified in Fig. 2 where we present
occurs solely at the structural Bragg peak position and not e data from Saf“p'e 2. From the Bragg peak position we
the pure antiferromagnetic peak arising from Me compo- ind the bilayer thlcknes§ to be 18:9.3 A, and we can be
nents. Comparison between data taken on stations 5U1 arc]:grtam that the magnetic and magnetotransport differences

11 . that th t of polarization d ¢ pbetween the samples do not arise from differences in cou-
-+ confirms that ther component ol polarization does no pling strength due to different spacer layer thicknesses. All
significantly influence the shape of the reflectivity profile.

. samples have extremely smooth interfaces with a well-
Structural measurements were performed on station 2.3 Qfefined Bragg peak being observed in the off-specular radial

the Daresbury SRS at energies close tokt@osorption edge  gcans in reciprocal space. This indicates that the roughness in
of Cu (8.98 keV. Grazing incidence specular and diffuse the samples is highly correlated, but the lack of Kiessig
scattering provided data on the thickness of the multilayergringes in the off-specular scans implies that the correlation
and the interface structure, while scattering measuremen{gngth normal to the surface is less than the multilayer thick-
around the 111 reciprocal lattice point provided data on graimess. Tuning the x-ray energy close to the Cu absorption
size and crystallographic texture. Details of the experimentagdge causes a large change in the diffuse scatter measured in
arrangement and measurement procedures can be fouadransverse scan in reciprocal space though the Bragg peak.
elsewherg® Away from the Bragg peak, the change is small, confirming
The results presented in this paper were obtained from that correlated roughness dominates. Born wave analysis of
series of[Cu (9 A)/Co (10 A)s5, multilayers deposited the diffuse scatter through the Bragg peak yields values of
on Si001) by magnetron sputtering. The base pressure of théhe correlated roughness varying between 1.2 and 1.9
system was- 1x 10~ Torr and growth of the samples was (+0.3) A for the various samples.
halted during the deposition of the copper spacer layer. Around the 111 reciprocal lattice point, the scattering
Sample 1 acts as a control sample and the sample contains from the multilayer was difficult to detect, even for the zero-
gas contamination. The growth of the spacer layer in samplerder peak. With Soller slits in front of the detector and a
2 was halted for 1 sec, while that for sample 3 was 10 sec. Aeam height of 1 mm the peak maxima were found to be
delay of 10 sec results in a contamination level of approxi-approximately 100 counts per second. This geometry gave a
mately 0.1 Langmuir. resolution of better than 1.3¢10 % A~! in g, and 8.3
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FIG. 2. Specular and off-specular scansEat8.980 keV (a)
nd transverse diffuse scans through the Bragg peak at and away
om the Cu absorption edgé) for sample 2.
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FIG. 3. 0/26 scans for the three samples in the vicinity of the  FIG. 5. Specular scans as a function of x-ray energy for sample
Cu/Co 111 zero-order peak=28.98 keV. The isolated points arise 3 recorded on beamline 1.1, Daresbury SR&% circularly polar-
from stray reflections from thé01) silicon substrate. ized).

_5 . o : .
x10°° Ain gy (0.015° in angle for the rocking curvesn o co| . edge results in a dramatic resonant enhancement
longitudinal scans, the zero-order Cu/Co 111 peak could bgs 1,4 magnetic scatter. A pure magnetic Bragg reflection

fs't(t:ﬁirfgrt'zfalf;%glz \E\?e%égaigzjzlgﬂ::ginséiz&:engfubsgt]v%etgr? 5 from the antiferromagnetic coupled multilayers appears at a
q 9 value which is half of that of the structural multilayer

and 236 (-4) A for all samples. Again, no systematic . )
trends could be found around the average value of 220 A._Bragg peak. The double spacing of the magnetic structure

Transverse scans were also taken through the zero-ordgpplieS that the magnetic moment is coupled antiferromag-

Cu/Co multilayer 111 peak. The peaks were well fitted bynetically, but we cannot distinguish between bilinear and bi-
Gaussian functiongFig. 4), the full width at half height ~duadratic coupling from this curve alon@lagnetometry re-

maximum varying between 14.7° and 17.8%9.5°). The sults suggest that th_is particular sa_mple is biguadratically
samples exhibit substantially less 111 texture than othefoupled) No magnetic Bragg peak is observed when the
sputtered Cu/Co multilayers that we have studied. lon bear@nNergy is tuned to the Qu; edge(Fig. ), showing that there
etching studies of substrates have shown that the GMR fall$ no significant magnetic moment penetrating into the cop-
as the 111 texture improves, provided that the interfacer spacer layer.

roughness remains constantThe present poor texture, to-  As a function of x-ray energy, away from the resonance
gether with the small interface roughness, may account foecondition, all the reflectivity scans show a similar behavior
the high GMR observed in these samples. However, the hanig. 5), although the scan taken at an energy of 827 eV
x-ray scattering results clearly show that there is no signifishows weaker Kiessig fringes. When the energy is tuned to
cant structural difference between the clean and gaseither the cobalt or copper; edge, there is an enhancement
contaminated samples. Nuclear magnetic resofaacel  of the specular scatter for all scattering vectors. The rate of
high-resolution  cross-sectional  transmission  electrora]| of intensity with wave vector for the two energies is very
microscopy® studies on similarly damaged samples also failsjmilar (Fig. 6), with only the intensity of the Kiessig fringes
to reveal any differences in interface structure. differing at the two energies. We thus conclude that the in-
tensity changes in the reflectivity observed in Fig. 5 are due
to anomalous dispersion in the charge scattering rather than

Specular reflectivity profiles recorded as a function ofMagnetic moment gradient or roughness.

IV. MAGNETIC SCATTERING MEASUREMENTS
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to the structural Bragg peak. g 15}
©
iron Ly edge was found by Sacclet al. to be less than =
. . . w
275 AP Fig. 7 shows that this is clearly not the case when ~ § 10
slightly off resonance. Indeed, it was observed experimen- 5
tally that the greatest magnetic signal occurred at energies g
just below the tabulated Cb; edge. At these energies, the g St
absorption of the radiation was significantly lower than at :23
resonance, and Kiessig fringes were also observed. Specular

scans at 8.9 keV and 747 eV exhibit Kiessig fringes of the 10 11 12 13 14 15
same period in wave vectay,, corresponding to the total
stack thickness. Thus, x rays at both wavelengths penetrate
the approximately 1000 A thick sample although at 747 eV FIG. 8. Remanence specular magnetic Bragg peak after applied
the absorption is high and the fringe amplitude is corre-ield in the scattering plane for the bilinear samples: sample) 1
spondingly low. The large absorption of the soft x rays alscand sample 2b). Line, field applied perpendicular to the beam, and
results in a blurring of the critical angle. points with the field parallel to the beam direction.

The field dependence of the pure magnetic peak was in-
vestigated initially by applying a 730 Oe field parallel to the o515 \were initially subjected to a field of 730 Oe applied

beam direction, using an external, permanent magnet ang,nq the heam direction as before, and the intensity of the

s_ubsequently measuring the specular scatter in zero field. agnetic peak was recorded after a field had been applied for
field of approximately 500 Oe was then applied orthogonaly gq¢ transverse to the beam direction. A further measure-

to the beam using aim situ electromagnet, and the speculay ment was taken after the field had been removed. A new,

scatter again recorded in zero field. Figure 8 shows the ingigner field was then applied and the sequence continued.
tensity of the magnetic peak that was recorded after the aFigure 10 shows the variation of the magnetic peak intensity
plication of the two fields for the bilinear samples. The only 5" 5 function of field applied in this manner for sample 2

eﬁegt of changing the_ magnetizatipn directipn is in the ir‘f(bilineat). Both bilinear samples exhibited similar behavior.
tensity of the magnetic peak. An increase in the magnetic

peak intensity is observed when the field is applied perpen-
dicular to the x-ray beam. These data are considerably
clearer than the work on Cu/Co multilayers previously pub-
lished by See et al’® In their paper, the magnetic scattering
was weak and obscured by the Kiessig fringes.

The biquadratically coupled sample 3 showed a magnetic
peak at the same momentum transfer as the bilinearly
coupled sample. However, the dependence of this magnetic
peak on the applied magnetic field direction was very differ-
ent from the other, bilinear samples. Figure 9 shows the
specular scans across the magnetic peak for the two orthogo-
nal magnetization directions. There was no observed change 0 , J , ,
in the intensity of the magnetic peak with applied field in this 10 11 12 13 14 15
sample. Thus, the configuration of the spins in the biqua-
dratic samples must remain the same for both applied field
directions. FIG. 9. The magnetic peak intensity with the field applied along

The intensity of the magnetic peak was measured as @oints and perpendicular tgline) the beam for the biquadratic
function of applied field perpendicular to the beam. Thesample.
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FIG. 10. Magnetic peak intensity as a function of applied field ~ FIG. 12. Magnetic peak intensity as a function of sequentially
for sample 2. Data recorded in a rising sequefareows with the ap!olled field for sample 3 Data recorded with the field (open
field alternately or{open points and off (closed points points and off (closed points

Fig. 12. Beyond 100 Oe, the with-field magnetic peak in-

Little change in the magnetic peak intensity is observed for( nsity falls on the application of an orthogonal field, there

fields below 100 Oe. Thereafter, a steady increase in the . ) . .
intensity both with and without field is observed. No satura-2¢'"9 NO Increase in the zero-field value through the se-
tion was observed in the magnetic peak intensity, even for affuence. In this region, where the pe_:ak Intensity follows a
applied field in excess of 500 Oe. After the orthogonal fieldparabOIIC depende_nce on _the_ applied _f|e|d strength, the
had been thus applied, the magnetic peak intensity in zer hange; are reversn;)le. A slight increase in the peak intensity
field had increased by a factor of almost 3, in agreement witf?" application of a field was observed for low fields.
Fig. 8(b).
The intensity change between zero field and a previously V. DISCUSSION
applied field is reversiblgFig. 11). Here the sample had . . )
been magnetized perpendicular to the beam by applying and Soft x-ray magnetic scattering experiments can be mod-
removing the field up to a maximum of 510 Oe as in Fig. 10.eled by assuming that the coupled moments are rotating in
From the last closed data point in Fig. 10, we then appliedhe sample plane. In th_e deposition _chamber a sma_ll field of
and removed the field sequentially along the previously magaPProximately 100 Oe is used to align the magnetic layers,
netized direction. The intensity of the magnetic peak in-2nd this defines an easy axis of magnetization. In the current
creases steadily as the orthogonal field step is incre@gd ~ €xperiments then situ orthogonal field was applied along
11) but the magnetic peak intensity in zero field does nothis direction, i.e., in the plane of the sample and perpendicu-
change significantly. On removal of the field, the magnetic@r to the beam direction. When the spins couple biquadrati-
peak intensity fell sharply, with a subsequent slow decay t&ally, a large net moment associated with the coupling is
the initial value being observed over a period of minutes. Present, Fig. 1@&). This is confirmed by Lorentz electron
The experiment equivalent to that of Fig. 10 was under/nicroscopy on similar samplé_&.ln the virgin state, the net
taken on the biquadratically coupled sample. It showed dnoment aligns parallel or antiparallel to the easy direction.

very different behavior from that of the bilinear samples ©On application of a weak external field, the moments ro-
tate to align the net ferromagnetic component parallel to it,

and form a single-domain state. The layers always remain

b . . .
% 241 5. Intensity with Field on ] coupled due to the strong exchange_cou_plmg mherent_ in
£ - = Intensity with Field removed these systems. When the orthogonal field is still further in-
% 22t ' gn-a-2" % creased, the angle between the spins in adjacent layers is
g ae
o 20¢r T
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FIG. 11. The field dependence on further sequential application FIG. 13. (a) The as-grown magnetic state of the biquadratic
and removal of a field, starting at the last closed data point insample.(b) The biquadratic sample on the application of a large
Fig. 10. field along the easy axis.
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reduced Fig. 13b)]. This reduction in angle corresponds to  FIG. 15. Magnetization versus field measured in the growth

a reduction in the component of magnetization paraIIeIﬁ9|d direction. The field was applied in a rising sequence of steps,
(along the beam, and therefore a reduction in the magneti¢everting to zero between each step, as in Fig. 10. Below 600 Oe the
peak intensity is observettf. Fig. 11). When the field is zero-flgld magnetization rises with applied field as in the soft x-ray

removed, the individual layer moments reversibly rotateScattering data.

back away from the easy axis, opening the angle again and

increasing the magnetic peak intensity.

In a purely bilinear, antiferromagnetically coupled The irreversible changes observed in Fig. 10 do not relate
sample, there should be almost no magnetic peak intensifirectly to the low-field hysteresis seen in MOKE measure-
when the Sampie is magnetized aiong the beam directiorﬂ']ents or its associated domain wall motion observed in Lor-
There was a substantial magnetic peak still visible, howeve€ntz microscopy. In our samples, the coercive field is ap-
implying either that the sample contained biquadratic do-Proximately 20 Oe and no domain wall motion is seen above
mains, or that the antiferromagnetic alignment was not perthis valueZ® The hysteresis seen in the soft x-ray scattering
fect. Lorentz microscog indicates that the latter case oc- data is associated with rotational processes not normally
curs, |eaving a small moment which aiigns with the growthStUdiEd. In magnetization curves taken under equivalent geo-
field. The as-grown state, therefore, has the layer momenfetrical conditions on a vibrating sample magnetometer,
lying almost along the beam direction, with the small mo-Very similar behavior was observeBig. 15. Again, the AF
ment associated with the coupling pointing along the growttfoupled samplénumber 3 was first saturated perpendicular
field direction[Fig. 14a)]. to the growth field direction, after which the field was se-

The Lorentz microscopy results suggest, however, that th@uentially increased and reduced to zero along the growth
anisotropy fieid iS |0W and that the difference in energy be_ﬁeld direction. We note Signiﬁcant hystereSiS below 600 Oe
tween the two orthogonal directions is very small. As in the(insed where the magnetization in zero field does not return
biquadratic Sampie’ the moments rotate toward an externéq) a Single Value, consistent with rotation of the moments and
field appiied aiong the beam direction. However, unlike inonly partial relaxation on removal of the field. Beyond about
the biquadratic sample, the net moment will not necessarilp00 Oe, the zero-field magnetization remains constant and
rotate back to the easy axis on removal of the external fieldthe steady increase of the in-field magnetization corresponds
being pinned in local energy minima at intermediate direct0 reversal closure of the AF coupled moments toward the
tions [Fig. 14b)]. The large magnetic ripple that is seen in field direction.
the Lorentz micrographs confirms this interpretafidn.

When an orthogonal field is applied, the net moment starts
to rotate back toward the easy direction. This motion is de-
termined by the free-energy surface, and it requires relatively Soft x-ray resonant magnetic scattering experiments,
large fields to rotate the net moment back toward the easwhich have measured the intensity of a pure magnetic Bragg
axis. Such changes are consistent with the variations seen peak as a function of applied field in two orthogonal direc-
Fig. 10. The change of the magnetic peak intensity is protions, have been used to study the effects of gas contamina-
portional to the projection of the layer moment along thetion in the spacer layer on the coupling within Co/Cu multi-
beam direction. Our results indicate that the maximum angléayers. The data show that uncontaminated samples are
of rotation of the moment was approximately 60°. When theantiferromagnetically coupled and the field dependence is
field is removed, some of the moments rotate away from theonsistent with a small canting of the moments in adjacent
global minimum corresponding to the easy axis toward aobalt layers. This results in a complex anisotropy energy
local energy minimum. This results in a reduction in thesurface that displays substantial hysteresis. High-sensitivity
magnetic peak intensity. Figure 11 maps out reversiblanagnetometry measurements also show evidence of hyster-
changes about a particular energy minimum. If it were posesis when the in-plane rotation of the net moment is mea-
sible to apply a large field, the intensity of the magnetic peaksured in a similar configuration.
in the bilinear samples should saturate and then start to re- Gas-contaminated samples show a radically different be-
duce in intensity for the same reasons as the biquadratisavior on application of fields parallel to the growth field
sample. direction. In contrast to samples coupled antiferromagneti-

VI. CONCLUSION
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cally, the intensity of the pure magnetic Bragg peak, whichand biquadratic terms invoked to explain the magnetotrans-
still appears at g value corresponding to twice the chemical port and magnetization data.

repeat distance, falls with increasing field. A quadratic de-
pendence of the with field intensity and the absence of hys-
teresis can only be interpreted in terms of orthogonal cou-
pling of the cobalt layers. This alignment, which has a period The authors would like to thank the staff at the Daresbury
of twice the cobalt/copper multilayer spacing, arises fromSRS who provided the diffractometer and station facilities
dominance of the biquadratic term in the exchange couplingluring the taking of the data, in particular, lan Kirkman and
between cobalt layers. In zero field, the net moment liesMark Roper. Funding from EPSRC is acknowledged. C. H.
along the growth field direction. Our results provide power-Marrows thanks the Royal Commission for the Exhibition of
ful support for the coupling model containing both bilinear 1851 for financial support.
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