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Electron scattering mechanisms within metallic multilayers are affected by both structural and
magnetic disorders. Off-specular x-ray scattering has long been used to probe the structural
interfaces, and it is only recently that it has been applied to the study of magnetic disorder. We
compare the resonant magnetic x-ray scattering with off-specular neutron studies from
magnetron-sputtered Co/Cu and Co/Ru multilayers grown at the second antiferromagnetic coupling
peak. Both techniques yield similar results for the Cu system, and a simple domain model can be
applied to extract the magnetic interface morphological parameters. For the Cu system, the in-plane
correlation length is field dependent and is 88D A after saturation along the hard axis, but
increases to 7080100 A after saturation along the orthogonal easy axis. Both systems show strong
out-of-plane correlations in both the structural and magnetic disorders. In all cases, the out-of-plane
correlation length for the structural interfaces is 200-250 A, but the ratio of the magnetic to
structural correlations length is dependent on the magnitude of the exchange coupling and ranges
from 0.4 to 1.4. ©2003 American Institute of Physic§DOI: 10.1063/1.1543876

In recent years, there has been considerable interest ing has proved to be immensely beneficial in elucidating
the magnetotransport properties of thin magnetic films suckstructural parameters, the technique has little sensitivity to
as spin valves and multilayers. Their magnetoresistive propthe magnetization profile. Away from resonance, the mag-
erties have been exploited in the fields of magnetic readetic contribution is many orders of magnitude weaker than
heads and magnetic memory storagélse of a wide variety the Thompson charge scattering. In the past, the character-
of characterization techniques, such as high-resolution tranézation of the magnetic structure has been confined to polar-
mission electron microscopy as well as x-ray and neutroized neutron reflectometfyThis technique probes the atomic
scattering, have resulted in significant progress in correlatinnoment directly, with the neutron—spin interaction being
structure with transport properties, thereby improving the efwell understood. Advances in detector design and increases
ficiency of such devices. However, in order to understandn source flux have enabled off-specular and other diffuse
completely the magnetotransport properties of spin valve§eutron studies to be performed routinely. .
and magnetic multilayers, a full description and thus charac- However, recent synchrotron experimentsin which
terization of the magnetic structure is required. The gianh€ incident x-ray energy is tuned close to an atomic transi-
magnetoresistance properties resulting from spin-dependefiPn: directly probe the magnetic band structure and provide
scattering is often hypothesized to occur at the interface. Thé Magnetic scattering amplitude comparable to that of the
role of the chemical interface is now becoming better underSNarge scatter. For transition metals, it is the empty states in
stood, but the magnetic interface is also a key component ifi'¢ 3 band that give rise to the magnetization, thus experi-

understanding both spin accumulation and electron scattef""t need to be conducted at the and edgesf which
ing g P F]or cobalt are at 778.1 and 793.2 eV, respectivelpis pro-

vides an alternative magnetic characterization technique that

Initial characterization techniques concentrated on th% . .
. ) ) . . as the advantage of high synchrotron flux, coupled with
chemical structure, with particular emphasis being placed on

. ; element specificity. However, since the interaction between
the role of the interface morphology with respect to the ) L )

: o . . the photon and the magnetic moment is indirect, it cannot be
transport. Modeling the distribution of scattered intensity of

ith t d th iqin of . Iseparated uniquely from the charge scattering.
eliner neutrons or x-rays aroun € origin of reciproca Multilayers of Co/Cu and Co/Ru were prepared by mag-
space allows the chemical interface morphology to be de

. L netron sputtering in a system with a base pressure better than
dyced, and to be separated from interdiffusion eﬁédthg 108 Torr. The thickness of the spacer layer was adjusted to
high flux of synchrotron sources has greatly advanced d'ﬁusgorrespond to the second antiferromagnés&) coupling

x-ray scattering studies, and both experimental ideas and thes, .4 The samples were deposited or0Bil) substrates
oretical concepts are well developed. Although x-ray scatteryithout removal of the native oxide. The interlayer exchange
coupling in the Co/Ru system is significantly greater than
dElectronic mail: s.langridge@rl.ac.uk that in the Co/Cu case.
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FIG. 2. Longitudinal x-ray diffuse scans for a series of AF-coupled Co
multilayers with different spacer layers. Magnetic peaks occyp & 0.5
and(0 0 1.5.

G 1. Full reci | i . ering AFthe second. AF coupling maximum, we also measured those
. 1. FUll reciprocal space map O € neutron scattering from an - &OWn at the firSt AF peak.

coupled Cu/Co multilayer. The specular data are seen in the data as a streg :
atq,=0. Unlike the neutron data, the x-ray scans showed strong
diffuse intensity at both the charge and magnetic Bragg

Neutron reflectometry was conducted at room temperapea.lks(':ig' 2. O n application of a saturating f_ield, the mag-
ture on the CRISP reflectometer at the time-of-flight ISIS.netIC peaks d|_sappeared. The peaks were fitted to Lorentz-
facility at the Rutherford Appleton Laboratory as a function ans, and we find that for all samples, the out-of-_pla_me cor
of applied field. Two-dimensional maps in reciprocal Spacerelatlon length for the structural rgughness was ;lmllar, and
were recorded using a one-dimensional detector and neutrofls the range from ZQO to 25020 A. We have defmeq the
with wavelengths in the range 1.2—6.5 A. out-of-plane correlation length as being equal to the inverse

Resonant magnetic x-ray scattering was recorded oﬁ)f the half width at half maximum of the peak @3, which

beamline 5U1 at the SRS, Daresbury Laboratory. The Sampl%orresponds to the length scale at which the out-of-plane

. . - . correlation has reduced to a value o&.1The greater signal-
was mounted in an in-vacuum, two-circle diffractometer. 9 9

Specular and diffuse scatter were recorded in the conver;[EJ noise rapo in the x ra_y_data, co_mpared o the neutron _data,
. . . . . enabled this more explicit formulism to be used. The width
tional manner using linearly polarized x-rays. Experiments : o :

: . of the magnetic peak varied; in the Ru system the associated
were conducted at remanence, but prior to sample alignmernt

they were saturatedx situby the application of a 140 mT magnetic correlat|_on length was always g_reater than the
. . structural correlation length, the effect being greater for
field along the hard or easy axis.

Figure 1 shows the neutron data recorded at remanencsé”mples prepared at the first AF coupling peak, the ratio of

for a sample with nominal structure G A)/Cu22 A). The magnetic to structural being 1.4. In the Cu system, the ratio

Bragg peak associated with the repeat structure occurs at %’r}i sa;rglp()levifsroi/v ns\;v:;h Iiz'g ’r&e, ;?é;esafﬂﬂg'ggeéggzecgft“n
out-of-plane momentum transfer qf=0.155 A~%. No dif- peax, ' pies prep ping

fuse intensity associated with the structural interfaces could"@x!mum had much broader magnetic peeg. 2), giving

be observed, and the apparent broadening at the structur%l out-of-plane magnetic correlation length of only 90

! . . . F15 A and a ratio of 0.4. This length scale was not depen-
Bragg peak is resolution limited. However, this is not the o o .
. dent on magnetization direction. We note that there is a trend
case at the magnetic Bragg peak, centered on

—0.075 A~ where a broad peak in bot, andq, can be towards higher exchange couphlng, lresultlng in larger out-of-
seen plane coherence of the magnetic disorder.

The with o the peak i, was use 1o etimate re 1 0SUton of e fevon ata aong e s
extent of the out-of-plane correlation of the magnetic inter- Ax 9

faces. We observed clear differences between Co/Cu an tiqn of dorr?ains{ characterized by an in-plane domain cor-
Co/Ru multilayer€ For the Cu system, the magnetic and relation function given by:

structural out-of-plane correlation lengths were approxi- )

mately 600 A. In the Ru system, the structural correlation ~ C(R)=0m exp( - a) @)
length was similar, but that associated with the magnetic dis- . , . o
order was larger and approached 2000 A, the total thickness H€ré;om is the magnitude of the magnetic domain dis-
of the film. order andé, is the lateral correlation length, defined as the

Resonant magnetic scattering was performed on sampld€ndth scale of the magnetic disordeEquation(1) is a spe

deposited in the same growth run as those used in the neaial case of the general correlation function introduced by
tron experiments. Longitudinal diffuse scans that probe the&inhaet al. used to model the charge interface, with the frac-
diffuse scatter as a function af, were measured from tal parameteh set to 0.5 Line scans were extracted at the
samples from both the Cu and Ru systems. In addition tanagnetic Bragg peak and the in-plane correlation length
those samples deposited with spacer layers corresponding tound to be 15 006 4000 A & This value is significantly less
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FIG. 3. Transverse x-ray scans at fix@g=0.1128 A taken through the first FIG. 4. Specular and diffuse x-ray scans from a Co/Ru multilayer. The
magnetic Bragg peak for an AF-coupled Cu/Co multilayer for two magne-magnetic Bragg peaks in the diffuse data are marked by arrows.
tization directions. The full width at half maximum of the sharp specular
peak (1.1030.001x10"% A~1) is the instrument resolution and corre-
sponds to an in-plane length scale of oveur. only in the diffuse scan that the magnetic peaks appear. Their
magnetic origin is confirmed by their field sensitivity and
energy resonance. The variation in the AF peaks with direc-
than the maximum measurable correlation length at the anttion of magnetization is consistent with the predominant sen-
ferromagnetic peak of gm set by the instrument resolution. sitivity of x-ray scattering to the component of magnetization
Similar x-ray data were obtained by conducting trans-in the scattering plan€.
verse scans through the Bragg peaks shown in Fig. 2. Figure We have successfully applied two different scattering
3 shows such transverse scans taken through the magnefitechanisms to the study of magnetic disorder in multilayer
Bragg peak for both magnetization directions. systems. The agreement in the off-specular data is extremely
The data could be fitted to a Lorentzian line shape thagood for the Co/Cu system, but we find in the Co/Ru system
corresponds to the Fourier transform of the correlation functhat the two techniques do not give comparable results. The
tion given in Eq.(1). We note that the higher flux and ex- difference in sensitivity could arise from the different inter-
tendedq range of the synchrotron experiments enables th@ction potentials of the two probes, one being primarily sen-
data to be recorded over a wider intensity range than thagitive to the point-like nuclei, and the other interacting with
possible in the comparable neutron case. The Lorentzian linge electron density profile. However, the high flux of the
shape found here confirms the correlation function that wag-ray source does allow for rapid determination of the
used to fit the neutron data, and that the magnetic disordeglement-specific interface morphological parameters, but
can be described with a scaling, or fractal parameter of 0.310w these data relate to the better-understood neutron inter-
In the special case ¢f=0.5, the full width at half maximum actions remains unclear.
of the diffuse peak in reciprocal space is simply,2/** Af- The authors are indebted to S. B. Wilkins, J. A. Purton,
ter magnetization along the hard axis, the in-plane correlaand M. Roper for help in data collection. Financial support
tion length was 8820 A, compared to the much larger from the EPSRC and the G&T MR Magnetics Network
7000+ 100 A length scale observed after magnetization(GR/N 64557 is gratefully acknowledged.
along the easy axis. Both length scales are much smaller than

the largest resolvable length scale, which is of the order of 5'J- S. Moodera, L. R. Kinder, T. M. Wong, and R. Meservey, Phys. Rev.
Lett. 74, 3273(1995.

pm. . 23. S. P. Parkiret al, J. Appl. Phys85, 5828(1999.
As expected, no change was observed in the transversg pape, T. P. A. Hase, B. K. Tanner, and M. Wormington, Physi@58

scans taken through the structural Bragg peak upon field ap-278(1998.

plication. The peak shape, similar to the magnetic Bragg4G- P. Felgher, R. O._HiIIeke, R. K. Crawford, J. Haumann, R. Kelb, and G.
peak, corresponded to a correlation length of 48 A. We not&,?séfogjﬁ'r’igif\’b?g: K‘;;?h"jg’mwf (é[?ngg'_ b, Bader Y. U. Idzerda. S.
that, as was the case in our previous study on Cu/Co multi- s, p, parkin, I. K. Schuller, and H. C. éiegmann, J. 'Magn. Magn. Mater.
layers grown at the first AF coupling maximum, the length 207 7 (1999.

. . 6 ; i
scale of the structural roughness is substantially shorter thanP- Mannix, A. Stunault, N. Bernhoeft, L. Paolasini, G. H. Lander, C.
.. L. Vettier, F. de Bergevin, D. Kaczorowski, and A. Czopnik, Phys. Rev. Lett.
that defining the magnetic interfaée.

86, 4128(2007).

The resonant x-ray and neutron off-specular data showT. p, A. Hase, I. Pape, B. K. Tanner, H. BUE. Dudzik, G. van der Laan,
remarkably good agreement, however, the specular data arg& H. Marrows, and B. J. Hickey, Phys. Rev.6&, R3792(2000.
less consistent. Figure 4 shows the specular and Iongitudinala-ictzgggdigvpf-P?};g?;‘";‘;‘éoc('zgdo'\"a"ows* D. T. Dekadjevi, and B. J.
diffuse scans from a_ 20'pe”0d Co/Ru r_nult|layer grown a.t 9S. Langridge, J. Schmalian, C. H. Marrows, D. T. Dekadjevi, and B. J.
the second AF coupling peak. The quality of the sample is Hickey, Phys. Rev. Leti85, 4964 (2000.
high, with structural Bragg peaks being seen in the speculdf’s. K-(Sinh; E. B. Sirota, S. Garoff, and H. B. Stanley, Phys. Re88B

. 2297(1988.

data out to many Qrders. Neutron data on similar samplegs_ B. Wilkins, Ph.D. thesis, University of Durham, 2002.
show clear magnetic and structural Bragg peaks, but in the; p i and D. F. McMorrow, Acta Crystallogr., Sect. A: Found. Crys-

x-ray data the specular magnetic peaks cannot be seen, it isallogr. 52, 236 (1996.

Downloaded 26 Apr 2011 to 129.234.252.66. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



