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Hysteresis curves of ferromagnetic and antiferromagnetic order in metallic multilayers
by resonant x-ray scattering
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We have measured field-dependent resonant magnetic scattering of soft x rays from a Co/Cu multilayer
exhibiting giant magnetoresistance. We show that, choosing the appropriate experimental geometries, one can
draw hysteresis loops of antiferromagnetic as well as ferromagnetic order.
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The use of x-ray spectroscopic tools to investigate
magnetic properties of solids is relatively recent, but it h
found widespread applications over the last decade.1 X-ray-
absorption spectroscopy is certainly the most commo
used amongst these techniques, but x-ray scattering has
been successfully applied to magnetic studies. The magn
signals in such scattering measurements are strongly
hanced if the experiment is performed under resonant co
tions, i.e., if the incident photon energy is tuned to an x-r
absorption threshold of the element of interest. This res
from the magnetization dependence of the resonant ma
elements affecting the optical constants.2 Scattering tech-
niques are also intrinsically sensitive to the spatial modu
tion of the optical constants and additionally provide acc
to the magnetic structure of a given sample.3–6

In this paper we show how antiferromagnetic~AF! order-
ing may be measured directly as a function of the app
field H. Such measurements provide what it is convenien
call a hysteresis loop of the antiferromagnetic order. It
analogous to the ferromagnetic~FM! hysteresis loops alread
reported in the literature.7 Given a judicious choice of ex
perimental geometries we show that x-ray resonant magn
scattering~XRMS! measurements can provide informatio
on complex magnetic behavior not readily available by ot
means.

To demonstrate the advantages of the technique we h
chosen a metallic multilayer with the structu
(Cu22.8/Co11.2)20, deposited on a Si substrate. Co/Cu mu
layers are to some extent prototypical of the systems used
magnetoresistive devices,8,9 and have already found applica
tions as reading heads in information storage systems. S
dependent transport models are used to interpret the way
electronic properties, especially resistance, respond to
presence of external magnetic fields.9,10The behavior of such
multilayer devices is often complex but, schematically, ea
individual Co layer is assumed to be ferromagnetically
dered, then low- and high-resistance states are assoc
with parallel and antiparallel coupling between adjacent
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layers through the Cu spacer. The complexity of the coupl
between Co layers is reflected in that of the magnetoresis
behavior.9,11

The Cu thickness that we have chosen is close to
so-called second AF peak8,9 where, in zero field, antiparalle
coupling between Co layers is favored, but complete AF
dering is not reached.

XRMS experiments were performed at the bending m
net beamline 6.3.2, at the Advanced Light Source~Lawrence
Berkeley National Laboratory!.12 Part of the beam was
blanked-off in order to obtain;60% circular polarization.
Measurements with linears polarization were performed a
the SuperACO storage ring of Laboratoire pour l’Utilisatio
du Rayonnement Electromagne´tique ~LURE! ~Orsay!, using
the undulator beamline SU-7. The resolving power at the
L edges was of;2000 in the former setup and of;1500 in
the latter. Specularly reflected x-ray intensity was measu
versus grazing angleu (u-2u mode!. An external fieldH of
up to 1 kOe could be applied along the sample surface
means of an electromagnet. The field was applied eithe
the scattering plane~longitudinal geometry! or perpendicular
to it ~transverse geometry!. The sample resistance was r
cordedin situ using a two-point technique during the XRM
measurements.

We first consider in detail the case of XRMS measu
ments performed using circularly polarized photons and s
off by showing the scattered intensity as a function of an
and photon energy for an as-prepared sample withH50
~Fig. 1, bottom panel!. The interleaved ordered structure
Co and Cu layers has a spacing of dcharge534 Å and con-
sists of 20 periods. It leads to a strong Bragg peak au
.13°214°. The variation in its position and intensity as th
photon energy approaches the CoL3 maximum ~778 eV!
reflects the resonant variation of the diagonal elements of
dielectric tensor.13

In addition to Bragg diffraction and Kiessig fringes, w
also observe the presence of a peak atu.7° whose intensity
increases as the CoL3 absorption maximum is approache
©2002 The American Physical Society08-1
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Layers of Co with opposite magnetization directions (C↑

and Co↓) behave as though they were of different materi
since the optical constants at resonance depend on mag
zation. Therefore, theu.7° peak corresponds to an ord
parameter double that of the multilayer structure (dAF
568 Å) and is due to a (Co↑/Cu/Co↓/Cu) stacking.5 By
performing photon energy andu-2u scans, we determine
the best photon energy for observing the AF peak to
776.5 eV~Fig. 1, top panel!. The optimum energy is a com
promise involving maximum contrast between the Co↑ and
Co↓ optical constants~magnetic contributions to the real an
to the imaginary parts do not peak at the same energy! and
the number of layers involved in the scattering process~the
number of layers that are probed decreases as absor
increases!. The top panel of Fig. 1 shows the evolution of t
scattered intensity whenH5120 Oe in the scattering plan
~longitudinal geometry!. The disappearance of theu.7°
peak is clear proof of its AF origin. In the following, we wi
consider three parameters that affect the scattered inte
versus applied field, namely, the scattering angle, the po
ization of the light and the direction ofH.

The scattering angle may be set to satisfy Bragg’s law
the order parameter defined by either ferromagnetic (dFM
[dcharge, u.13.5°! or antiferromagnetic (dAF ,u.6.75°)
stacking of the Co layers.

The polarization state of the photons determines the m
netic contribution to the resonant scattering amplitude
cording to the coefficient (ef* 3ei)•m, whereei and ef are
the incoming and outgoing polarizations andm is the unit
vector in the direction of the magnetization.2 When the po-
larization is circular or linears ~electric vector normal to the

FIG. 1. Lower panel: gray-scale map of measured intensity~I!
as a function of photon energy (\Ã) and angle (u). Top panel: I(u)
in zero field and forH5120 Oe (\Ã5776.5 eV).
05240
s
eti-

e

ion

ity
r-

r

g-
-

scattering plane!, as in the examples given below, the cro
product (ef* 3ei) lies in the scattering plane. Therefore, me
surements performed under these conditions will be sens
to the projection of the magnetization in the scatteri
plane.14 The above argument implies that sensitivity to t
magnetization components of the sample along or norma
the direction ofH will depend, respectively, on whether lon
gitudinal or transverse geometries are used.

Figure 2~a! refers tou513.5° and to the use of the lon
gitudinal geometry and of circularly polarized light. Th
scattered intensity mimics the total magnetization meas
ments performed on the same sample@see Fig. 3~a!# and
provides an element-specific FM hysteresis loop. Sett
u513.5° makes the measurement sensitive to the orde
stacking of the FM layers. However, it is worth noting th
specularly reflected intensity would be sensitive to the p
jection of the sample’s net magnetization in the scatter
plane also at other angles.15 It is clear, however, that using
synchrotron radiation to obtain the FM hysteresis of a sys
with only one magnetic component is of limited interest.

In Fig. 2~b! the scattering angle is now 6.75° thus hig
lighting the periodicity imposed by antiparallel coupling b
tween Co layers. The AF signal appears only relativ
weakly, and the field dependence is dominated by the swi
ing of the net magnetization component with respect to
photon ~circular! polarization. It is important to remembe
that, being in longitudinal geometry, the intensity underlyi
the AF peak is sensitive to the net magnetization along
direction of the applied field.

The curve in Fig. 2~c! is obtained under exactly the sam
conditions as in Fig. 2~b! (u56.75°), but the field is now
applied normal to the scattering plane~transverse geometry!.
In a system characterized by AF coupling, the application
weakH ~i.e., weaker than that required to impose FM ord!
favors AF domain ordering. The magnetization is align
normal toH.16 The curve shown in Fig. 2~c! is thus domi-
nated by the AF signal~AF domains are oriented normal t
the applied field, that is to say they lie in the scatteri
plane!. The measurement is insensitive to the net magnet
tion direction. This is because it points alongH and is nor-
mal to the scattering plane.

Sensitivity to AF ordering alone@Fig. 2~d!# can be at-
tained by using linearlys-polarized light. As in the Kerr ef-
fect, polarization rotation occurs upon scattering from a m
netic material~see, for instance, Refs. 5, 16, and 17!. The
rotation angle is proportional to the magnetization comp
nent in the scattering plane. Layers with opposite magnet
tions induce rotations of the polarization vector in oppos
directions. An ordered stack of layers with alternate mag
tization, such as (Co↑/Cu/Co↓/Cu), defines a superstructur
with an associated Bragg peak. The scattered intensity
be the same for both (Co↑/Cu/Co↑/Cu) and
(Co↓/Cu/Co↓/Cu) configurations. It explains the lack of se
sitivity to FM order. The intensity in Fig. 2~d! is a measure of
the AF coupled fraction of the multilayer with magnetizatio
in the scattering plane, as a function ofH applied normal to
the scattering plane.

These XRMS results may be related to the macrosco
properties of the sample, such as the field dependence o
8-2
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FIG. 2. Field dependence o
the scattered intensity in four ex
perimental geometries~see text!.
Photon energy is always 776.5 eV
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total magnetization@Fig. 3~a!# and of its resistance@Fig.
3~b!#. As mentioned before, the curve in Fig. 2~a! is sensitive
to the projection of the magnetization along the field dire
tion. It is therefore straightforward to identify it with th
hysteresis of the total magnetization shown in Fig. 3~a!. The
percentage of magnetization at remanence (;48%), as well
as the values of the field giving zero magnetizatio
(;23 Oe), and the closure of the loop (;120 Oe), coin-
cide in the two measurements.

Comparing Figs. 2 and 3, we observe an obvious simi
ity between magnetoresistance~MR! and the results of scat
tering experiments in transverse geometry. In particular,
value ofH giving the peak in MR corresponds to the max
mum of the AF signal@Figs. 2~b!–2~d!# and to zero total
magnetization@Fig. 2~a!#. For a weak field of 20–30 Oe, th
MR peak is associated with the presence of an ordered
structure, where magnetization of each layer is domina
oriented normal to the direction ofH @see Figs. 2~b! and
2~c!#.

The choice of the scattering angle~corresponding to e.g.
a Bragg peak, Kiessig fringes, or the total reflection regim!
is known to influence the exact line shape of the hystere
and care must be taken in drawing quantitative conclusio6

Nevertheless, resonant scattering in the geometry of Fig.~a!
remains a powerful method for obtaining the field depe
dence of the magnetization, element selectively.

We emphasize that the scattered intensity from AF or
necessarily involves tuning the photon energy to a core re
nance. Here only scattering at the Co 2p resonance allows a
clear distinction to be made between Co↑ and Co↓. Scattering
at resonance is essential to this type of study. The potenti
XRMS for a field-dependent analysis of AF coupling w
first illustrated by Idzerda and co-workers.6 Their results,
though, were based on a model that requires quite exten
data manipulation and relies on a number of hypotheses.
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approach offers direct experimental access to antiferrom
netic hysteresis curves.

AF coupling is never easy to investigate directly, and p
larized neutron reflectivity~PNR! is probably the only other
technique capable of such an analysis.18 From our experi-
ments two advantages of XRMS over PNR emerge. XRM
offers element selectivity, of course. This remains import
in the analysis of composite magnetic systems. But equ
as important, the scattered intensity and its magnetic com
nent at soft x-ray resonances allow for fast data acquisit
Time resolved experiments are still at an exploratory sta
but preliminary tests indicate that XRMS will give new op
portunities to investigate magnetic dynamics with all the a
vantages of a resonant scattering experiment. The capab
of drawing element-selective hysteresis loops of both fer
and antiferromagnetic order opens up new perspective
the analysis and understanding of the fundamental proce
in complex magnetic systems.

FIG. 3. ~a! Total magnetization curve.~b! Sample resistance v
applied fieldH ~two-point measurement, current in plane!.
8-3
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*Also at LURE.
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