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Magnetic anisotropies and magnetotransport in CeH2/Co multilayers

T. Nawrath,* B. Damaske, O. Schulte, and W. Felsch
I. Physikalisches Institut, Universita¨t Göttingen, Bunsenstrasse 9, 37073 Go¨ttingen, Germany

~Received 8 July 1996; revised manuscript received 12 September 1996!

Measurements of the magnetization were performed between 4.2 and 300 K on a series of periodically
stacked layers of cerium hydride and cobalt prepared by reactive ion-beam sputtering. X-ray reflectometry
shows that the interfaces are sharp with a rms roughness of nominally one atomic layer. In the ground state at
low temperatures, for Co-layer thicknesses up to 17 Å, the magnetization is spontaneously oriented perpen-
dicular to the layer planes in a multidomain configuration. A phenomenological analysis of the measured
magnetic anisotropy energy reveals that the out-of-plane orientation of the magnetic easy axis is the result of
a strong interface anisotropy which overcomes the shape anisotropy of the Co layers and of an additional
volume anisotropy. Possible mechanisms behind the surface and volume anisotropies are discussed. Between
50 and 100 K, the magnetization turns into the layer planes in a continuous transition. The saturation magne-
tization, the spin-wave parameter describing its temperature dependence and the anisotropy energy vary con-
tinuously through the transition from the crystalline fcc phase to the amorphous phase of the Co sublayers near
20 Å. This reveals the close relationship between the electronic configurations of amorphous and fcc Co. The
magnetization measurements are supplemented by measurements of the anisotropic magnetoresistance and the
extraordinary Hall effect. The extraordinary Hall coefficient shows contributions from skew scattering and side
jump processes and scales with the ordinary electrical resistivity.@S0163-1829~97!07405-5#
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I. INTRODUCTION

The lasting interest in the magnetic anisotropies of ult
thin films and multilayers is largely motivated by the te
dency of the easy axis of magnetization to be oriented p
pendicular to their plane.1 It is clear that such anisotropie
have the same origin as the magnetocrystalline anisotrop
bulk magnetic materials: the spin-orbit interaction whi
couples the spin magnetic moment to the lattice. Greatly
hanced values of the orbital magnetic momentLz were pre-
dicted for transition metal monolayers2 and for magnetic
multilayers,3 and indeed, large values ofLz have been ob-
served recently, for example, on Co/Pd and Co/Pt multil
ers by measurements of x-ray magnetic circular dichrois4

Furthermore, a correlation has been established experim
tally in a Au/Co/Au sandwich structure between the anis
ropy of the Co orbital magnetic momentum and the m
sured anisotropy energy5 as predicted theoretically.2,3 First-
principles calculations of the magnetic anisotropy ene
have been reported for a few systems only.6 They permit one
to conclude that the anisotropy energy depends on the na
of the material adjacent to the magnetic layer. The anal
of experimental results is, as in the present paper, mor
less based on phenomenological approaches which s
rately consider contributions to the magnetic anisotropy
ergy ascribed to volume (KV) and surface or interface (KS)
terms.7 While KV is largely composed of magnetostatic e
ergy~shape or demagnetization anisotropy! favoring in-plane
magnetization,KS may support a perpendicular orientatio
of the magnetization and may play a crucial role in determ
ing the magnetic easy axis; it has been associated frequ
with Néel’s surface anisotropy, originating in the broke
symmetry at the film boundaries.8 But the microscopic origin
of KS has remained largely obscure.

For a number of ultrathin layers and layer systems,
550163-1829/97/55~5!/3071~12!/$10.00
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magnetization has been found to exhibit a therma
activated transition from a perpendicular orientation at l
temperatures to an in-plane orientation at high
temperatures.9–11 This has stimulated considerable activity12

to calculate the anisotropic part of the free energy wh
determines the easy magnetization direction. It has b
argued13 that the entropy connected with the magnetizat
direction may significantly contribute to the free energy
higher temperatures and hence provide a driving mechan
for the reorientation transition. It is an open question if th
transition presents a phase transition.14 The vanishing of the
remanent magnetization in the vicinity of the reorientati
transition observed for ultrathin films and wedges of
grown on Ag~100! ~Ref. 11! has raised the question of
possible loss of magnetic long-range order near this tra
tion, as a consequence of the mutual compensation of
magnetic anisotropies and the well-known Mermin-Wagn
theorem,15 stating that an isotropic two-dimensional Heise
berg system does not order magnetically at finite tempe
ture. But it is more likely that the disappearance of the
manence mirrors the formation of a magnetic dom
configuration in the layers.9–11,16This is supported by direc
domain observations.17 Theoretical work dealing with ultra-
thin magnetic films18–20and multilayers21 has shown that in
the case of a perpendicular magnetic easy axis frequen
configuration with up and down magnetized domains is
energetically preferred ground state. Such domains, irreg
in shape or in the form of a stripe pattern, in some cases w
extensions below the micrometer level, have been obse
experimentally, for example, for a number of ultrathin ferr
magnetic films by spin-polarized scanning electr
microscopy,17 or by magnetic force microscopy on Co/P
multilayers.22 Details depend sensitively on the magnetic p
rameters~exchange, anisotropy!, layer thickness and tem
perature. The dynamics of domain formation have been s
3071 © 1997 The American Physical Society
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ied recently in ultrathin Fe/Ag~100! films by measurement
of the time-dependent decay of the remanent magnetiza
just below the reorientation transition temperature.23

In this paper, we investigate the magnetic anisotropy o
multilayer structure combining cobalt and cerium hydrid
CeHx/Co. We shall demonstrate that for sufficiently low C
layer thicknesses and temperatures this system presen
easy axis of magnetization along the growth direction. T
hydrogen contentx is close to 2, CeH2 is paramagnetic in
the temperature range investigated and a poor metallic
ductor; it is close to a transition to a semiconducting stat24

The study extends previous work performed on
multilayer system CeH2/Fe which exhibits very specia
properties if Fe is grown in the unusual bcc-~111! texture on
the ~111! textured fcc-CeH2 sublayers. A strong surface an
isotropy, together with a magnetostatic interaction within
magnetic multidomain structure, leads to a perpendicular
entation of the magnetic easy axis;25 at a critical temperature
the easy axis turns into the layer planes.26 This behavior is
outstanding as compared to other rare-earth-iron multilay
like Tb/Fe ~Refs. 27 and 28! or Nd/Fe,29,30 because the out
of-plane magnetic configuration is truly perpendicular, it p
sists up to remarkably large Fe-layer thicknesses, and
reorientation transition occurs in a narrow temperature ran
Furthermore, a recent study by polarized neutron reflect
etry has shown that in the state with an in-plane magnet
tion orientation, CeH2 provides a magnetic coupling be
tween adjacent Fe layers, generating a long-range mag
superstructure.31 The presence of hydrogen in the rare-ea
layers is essential for these phenomena, since in bare C
layers the magnetization is always confined to the la
planes and a Fe interlayer coupling does not occur. This m
be related to the different electronic configuration of ceriu
at the interfaces in these structures, which presents a mi
valent character~like in bulk a-phase Ce! in the Ce/Fe
system,32 but a more normal trivalent character~like in
g-phase Ce! in the CeH2/Fe system.33 It appears that the
perpendicular magnetic anisotropy in the latter system
bound to the~111! texture of the bcc-Fe sublayers; for th
~110! texture, the preferred orientation of the magnetizat
lies in the layer planes,34 and in the hydrogen-free Ce/F
system~111! oriented growth cannot be accomplished. No
that LaH2/Fe multilayers with~111!-textured bcc Fe show a
in-plane magnetic easy axis.31 This raises the question abo
the role of the Ce-4f local moment, in particular of its orbita
part, in the phenomenon of perpendicular magnetic ani
ropy in the CeH2-based layered system.

The study of the CeH2/Co multilayers presented her
comprises a structural characterization, measurements o
bulk magnetization, of the anisotropic magnetoresistance
the extraordinary Hall effect. At low thicknesses, the Co s
layers grow in an amorphous structure. This permits to st
the magnetic properties of pure amorphous Co. It will
shown that these properties vary smoothly through
crystalline-to-amorphous transition. The magnetotransp
properties, providing supplementary information on the m
netic anisotropy of the layers which is more directly reflec
in the magnetization curves, are interesting on their own
particular, it is not clear if the usual scaling relation betwe
the extraordinary Hall resistivity and the ordinary resistiv
on
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generally holds in heterogeneous layered magn
systems.35

II. SAMPLE PREPARATION

The multilayers CeHx/Co were prepared by compute
controlled reactive ion-beam sputtering of Ce (3N) and Co
(5N) targets at room temperature using argon in an ultrah
vacuum chamber, at a hydrogen partial pressure
831026 mbar. Both gases were of high purity (6N). The
base pressure was below 5310210 mbar prior to the intro-
duction of hydrogen. Partial pressures of reactive gases~e.g.,
O2, N2, H2O, or CO! were below 10210 mbar during the
deposition process. This means, in particular, that the for
tion of hydrocarbons by the reaction of CO and hydrog
with Co as a catalyst36 if any, must be at a negligible leve
The hydrogen content of the multilayers was determined
the nuclear resonance reaction1H(15N, ag)12C.25 While
bulk Ce forms very stable hydrides, the solubility of hydr
gen in bulk Co is very low@the enthalpy of mixing with
hydrogen is negative and large for Ce ('270 kJ/mol H for
dilute solutions, and'2100 kJ/mol H for the formation of
CeH2) but positive for Co ('120 kJ/mol H for the dilute
case! ~Ref. 37!#. Therefore, it is reasonable to assume th
only the Ce sublayersabsorb hydrogen, i.e., that the mult
layers grow in the form@CeHx /Co#3n. The 15N method
then yields a hydrogen contentx of CeHx close to 2. It is
clear that knowledge of the hydrogen concentration profile
the multilayers is a crucial point; it will be addressed mo
closely in Sec. III below. Si~100! and Al2O3(112̄0) were
used as substrates~the latter ones for the measurements
the transport properties!. They were precoated with a 4
Å thick buffer layer of Cr to warrant independence of th
multilayer properties from the substrate material. Grow
rates varied from 0.3 Å/s for CeH2 to 0.6 Å/s for Co. Two
series of multilayers were prepared, with a total thickne
near 2000 Å: one with constant CeH2 layer thickness of 15 Å
and Co layer thicknesses between 11 and 53 Å, the o
with a constant Co layer thickness of 24 Å and CeH2 layer
thicknesses between 9 and 34 Å. To prevent oxidation
exposure to atmosphere, the samples were covered w
layer of 100 Å Cr.

III. STRUCTURAL PROPERTIES

The structure of the multilayers was characterized
x-ray diffractometry with Cu-Ka radiation at small and large
scattering angles, mainly inQ-2Q geometry, and by reflec
tion high-energy electron diffraction~RHEED! diagrams
takenin situ. Below a critical thickness of about 20 Å for C
and about 15 Å for CeH2, the individual layers grow in an
amorphous structure. This is reflected in diffuse intensitie
the high-angle x-ray spectra and the RHEED diagram
Amorphous growth in layered heterostructures combin
rare-earth and transition metals is a well known and f
quently observed phenomenon which has been related to
constraints imposed by the mismatch between the subl
lattices at the interfaces.38,39For the CeH2/Co system, where
the crystalline phases of both sublayers are fcc, the m
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55 3073MAGNETIC ANISOTROPIES AND MAGNETOTRANSPORT . . .
between the ~bulk! lattice constants amounts t
@a(CeH2)2a(Co)#/a(Co)557%.

Above the critical thickness the individual layers presen
polycrystalline structure with a preferred orientation alo
the growth direction. The diffraction diagrams show
fcc~111! texture for CeH2, and a fcc~111! or hcp~002! tex-
ture for Co. TheQ-2Q geometry does not reveal the stac
ing sequence, but as we shall argue below, the analysis o
magnetic anisotropy allows to exclude hcp Co. Rock
curves around the~111! reflections of both CeH2 and Co
yield full widths at half maximum~FWHM! of typically
10°. The structural coherence length along the direction
the multilayer normal, as determined from the linewidths
the ~111! Bragg peaks, is limited by the thickness of th
individual layers which means that growth is not coher
across the interfaces. This is corroborated by the absenc
superlattice satellite reflections near the Bragg reflection

The 15N nuclear reaction analysis of the hydrogen co
centration in the multilayers is limited by a depth resoluti
of the order of 100 Å. Thus in our multilayer samples, as
other cases, the individual layers cannot be resolved, only
average concentration is measured. To interpret the resu
assume, as we have indicated in Sec. II, that due to the
different hydrogen solution or reaction enthalpy hydrogen
confined to the Ce layers while the Co layers are essent
free of hydrogen. Admittedly, this may only be true in
crude approximation, since it is well known that the behav
of hydrogen in a thin layer may deviate strongly from t
behavior in a bulk solid.40 Let us note that hydrogen charg
ing of layered systems is rather unexplored up to now41 and
presents a challenge for experimentalists. Unfortunat
x-ray diffraction is not accurate enough in our case to exa
ine directly if there is any uptake of hydrogen by the C
sublayers in the multilayers, since the Bragg reflections
broad due to the small thickness or amorphous struct
Single 2000-Å-thick Co layers prepared under the same c
ditions but with and without hydrogen in the recipient, whi
show sharper Bragg peaks, present the same lattice con
within an accuracy of;531024. With the hydrogen-
induced volume expansion taken from the literature42 this
puts an upper limit of;1% for the concentration of hydro
gen in these layers. Further information which is more in
rect can be obtained by a comparison with the hydro
uptake of the Fe sublayers in Nb/Fe multilayers with th
individual layers,43 since the hydrogen solution enthalpies
Fe and Co, and the Fe-H and Co-H phase diagrams44 are
very similar. It results that the uptake of hydrogen in the
layers is negligible. Employing the argument of the very d
ferent solution enthalpies for hydrogen in the two metals,
authors state that this result should hold for thin Fe laye
too. By the same reasoning we may hypothesize that in
multilayer samples there is essentially no hydrogen in
sublayers. The same conclusion was drawn for the C
x/Fe multilayers investigated previously.

25 But it is clear that
a direct proof would be highly desirable, as well as accur
experimental information on the concentration profile of h
drogen immediately at the interfaces between the two me

Particular attention has been devoted to the structure
the interfaces. Figure 1 shows the small-angle x-ray refl
tometry diagrams of four multilayers. All samples show
number of superlattice reflections which points to the pr
a
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ence of sharp interfaces and a well-ordered layering of
constituent metals. To quantify interfacial roughness,
data were analyzed by employing results of the dynam
scattering theory.45 Good fits are obtained for rms rough
nesses~FWHM! between 2.2 and 2.8 Å. In particular, th
structure of the Co layers~amorphous for the thicknesses 1
and 14 Å, crystalline for 20 and 24 Å! does not have a
noticeable influence on the interfacial roughness.

IV. MAGNETIZATION AND MAGNETIC ANISOTROPY

The magnetization of the samples was measured b
vibrating-sample magnetometer between 4.2 K and ro
temperature, in magnetic fields up to 50 kOe applied para
and perpendicular to the layer planes. All CeH2/Co samples
with Co-layer thicknessestCo above 11 Å show ferromag
netic behavior in the temperature range covered. Let us m
tion that according to magnetization measurements in
fields there is no evidence for magnetic interlayer coupl
contrary to the CeH2/Fe multilayers.31 Figure 2 shows, as a
representative example, the magnetization curves of
multilayer@15 Å CeH2/14 Å Co#377 at 4.2 K and 100 K for
two orientations of the applied magnetic field. Obvious

FIG. 1. Low-angle x-ray reflectometry diagrams of CeH2/Co
multilayers ~total thickness 2000 Å!. Solid curves: fits based on
dynamical scattering theory. The curves have been displaced v
cally.

FIG. 2. Magnetization curves of a multilayer@15 Å CeH2/14 Å
Co#377 in a magnetic fieldH applied parallel~full line! and per-
pendicular~dashed curve! to the layer plane at 4.2~a! and 100 K
~b!. The magnetization is referred to the Co volume.
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these curves reveal a crossover from a state with an ou
plane magnetic anisotropy prevailing at low temperature
a state with in-plane anisotropy at higher temperatures. T
will be discussed in detail below. We first focus on the ma
netization.

The measured saturation magnetization of all samples
ferred to the total Co part,MS,Co, is noticeably reduced rela
tive to the literature value of bulk fcc Co~1460 emu/cm3 at
4.2 K!, it decreases with decreasingtCo; this can be seen in
Fig. 3~a!. The reduction is the result of an interface effect:
show this, we have plotted in Fig. 3~b! the product of the
saturation magnetization referred to the total volume of
samples,MS , and the multilayer periodicity lengthL as a
function of tCo; L andtCo are derived from the x-ray spectr
and their simulation. The data obey the relation

MSL5MS,Co8 ~ tCo2t* ! ~1!

with MS,Co8 5(1483630) emu/cm3 and t*5(6.760.6)
Å @Fig. 3~b!#. The result means that the reduction of t
magnetization is due to a magnetically ‘‘dead’’ zone in t

FIG. 3. ~a! Saturation magnetizationMS,Co ~referred to the Co
part! of CeH2/Co multilayers with 15-Å-thick CeH2 layers at 4.2 K
as a function of the Co-layer thicknesstCo. At tCo520 Å, the Co
layers undergo an amorphous-to-crystalline transition. Solid line
to Eq. ~1!. ~b! Saturation magnetizationMS ~referred to the total
volume! of CeH2/Co multilayers ~CeH2-layer thickness 15 Å!
times periodicity lengthL5tCeH1tCo at 4.2 K vs Co-layer thick-
nesstCo. The straight line represents Eq.~1!.
f-
to
is
-

e-

e

Co layers at each interface, with an extensiont* /2 corre-
sponding to nominally somewhat more than one monolay
This value is only slightly larger than the rms interfaci
roughness resulting from x-ray scattering~Sec. III!, which
suggests that the dead zone may be due to a hybridizatio
the Co-3d and the CeH2-5d electronic states in the inter
mixed region. In the remaining part of the Co sublayers w
thickness tCo8 5(tCo2t* ) and saturation magnetizatio
MS,Co8 we have the same ordered magnetic moment as
bulk Co, even for low values oftCo. Between 4.2 and 300 K
the temperature dependence ofMS,Co8 obeys a Bloch spin-
wave law for a three-dimensional ferromagnetic sample,

MS,Co8 ~T!5MS,Co8 ~0!~12bT3/2!. ~2!

The spin-wave parameterb, which is related to the exchang
interaction experienced by the Co spins, is shown in Fig. 4
a function of the Co-layer thicknesstCo. All values ofb are
distinctly enhanced compared to the literature value of
Co @b53.031026K23/2 ~Ref. 46!#.

The saturation magnetizationMS and the spin-wave pa
rameterb of the CeH2/Co multilayers vary continuously
through the transition from the crystalline to the amorpho
state of the Co layers attCo'20 Å ~Figs. 3 and 4!. This is in
contrast to the behavior of the CeH2/Fe system,

34 or of other
multilayers with iron, like, for example, Y/Fe,47 Ce/Fe,48 or
La/Fe,49 where the crystalline-to-amorphous transition in t
Fe sublayers is accompanied by an abrupt reduction of
saturation magnetization and Curie temperature, and by
appearance of a noncollinear spin structure in Fe. The c
cive fieldsHc in the CeH2/Co multilayers amount to a few
10 Oe at 4.2 K for all values oftCo. On the other hand, in the
CeH2/Fe systemHc adopts a maximum of about 1 kOe
the amorphous-crystalline boundary of the Fe sublayers.

For more than two decades, the magnetism of amorph
Fe and Co is an important issue of experimental50 and theo-
retical research.51–53It appears by now that the very differen
magnetic properties of these amorphous metals are an im
of the different electronic structures of the bulk crystalli

t

FIG. 4. Spin-wave parameterb defined in Eq.~2! of CeH2/Co
multilayers ~CeH2-layer thickness 15 Å! as a function of the Co-
layer thicknesstCo. The error bars result from least-squares fits
Eq. ~2!. Line: guide to the eye. Horizontal line: value of bulk fc
Co: b53.031026 K23/2.
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55 3075MAGNETIC ANISOTROPIES AND MAGNETOTRANSPORT . . .
phases and the different sensitivity of their magnetic para
eters to variations of the local environment parameters.
electronic configurations of amorphous Fe and amorph
Co, which both present a nearly close-packed structure,
very similar to those of the fcc phases of these met
Hence, their magnetic behavior is strongly correlated w
the dependence of the magnetic moments and excha
coupling constants on the interatomic distances in the
phases.52 In fact, the peculiarities in the magnetic properti
of amorphous Fe result from strong magnetovolume effe
which are well known to play a decisive role in the magne
behavior of the fcc phase of this metal in which both fer
and antiferromagnetic coupling may occur. In fcc and he
amorphous Co, which is of interest here, magnetovolu
effects are comparatively weak, which leads to signific
differences in the magnetic properties with respect to
Recent theoretical work52 has shown that the most importa
factor influencing the magnetic properties of amorphous
is the symmetry of the arrangement of the near neighb
The authors educe a narrow distribution of the magnetic m
ments with an almost collinear order and, as a result of
magnetic energy gain due to the structural disorder, an
hanced ferromagnetic exchange interaction as compare
fcc Co. The average ordered magnetic moment in the gro
state of amorphous Co calculated by them and others54,55

coincides with that calculated for fcc Co within 3%. This
in good agreement with experimental results obtained fr
extrapolation in Co-rich amorphous alloys,50,56and also with
the results in the present work where pure amorphous C
stabilized in a multilayer structure.

The enhancement of the exchange-coupling constantJ re-
sulting from theory52,55 translates into an increase of the C
rie temperatureTc of amorphous Co with respect to the fc
phase if the mean-field expressionTc}J is used. In fact, an
extrapolation of the recently obtainedTc data of amorphous
Co-Y alloys56 to pure amorphous Co yields a value which
about 30% higher than that of crystalline hcp or fcc Co, a
a considerably reduced spin-wave parameterb. In our
multilayer system CeH2/Co, the values ofb areenhancedas
compared to bulk fcc Co for all Co-layer thicknesses, wi
out a discontinuous change at the crystalline-to-amorph
transition~Fig. 4!. This indicates, through the usual relatio
b}J23/2, that the exchange constantJ may be reduced.
Since the samples were not stable up to sufficiently h
temperatures, it was not possible to examine how this is
flected in the Curie temperature. One may hypothesize
the exchange enhancement in amorphous Co expected
theory for bulk material is overcompensated, in the pres
layered system, by similar mechanisms which are conc
able to be effective in the thickness range where Co is c
talline and which may lead to magnetic softening: a cha
in the environmental parameters near the interfaces, pos
induced by hydrogen, or electron transfer due to hybridi
tion of the Co-3d and CeHx-5d states. Such hybridization
effects have been shown to be important for magnetism
CeHx/Fe multilayers.33

Samples with Co-layer thicknessestCo<11 Å may not be
saturated magnetically in the available field~50 kOe!, their
Curie temperatures are below 250 K. They will be dis
garded in the following, i.e., the discussion will be focus
on samples withtCo.11 Å.
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The magnetization curves of the sample@15 Å CeH2/14 Å
Co#377 in Fig. 2, measured at 4.2 and 100 K in magne
fields along the in-plane and perpendicular directions, rev
a crossover from a state with out-of-plane magnetic anis
ropy to a state with in-plane anisotropy, occurring in b
tween the two temperatures. This is evident from the rela
magnitude of the magnetic saturation fieldsHS

' andHS
i and

its reversal as the temperature is increased: these fields
measure of the anisotropy fields related to an in-plane
out-of-plane magnetic easy axis, respectively. The magn
zation curve in the perpendicular field at 4.2 K is very sim
lar to those measured for CeH2/Fe multilayers which, ac-
cording to 57Fe Mössbauer spectroscopy, present an e
axis for the magnetization parallel to the layer normal.25,26

We therefore assume that in the CeH2/Co sample addresse
in Fig. 2 the out-of-plane magnetic easy axis at 4.2 K
oriented along the layer normal, too. Measurements of
low-field ac magnetic susceptibility reveal that the reorien
tion transition of the magnetic easy axis into the layer pla
occurs much more gradually with increasing temperat
than in the CeH2/Fe system. In CeH2/Co, reorientation starts
near 50 K and extends to about 100 K. The low remane
and the small hysteresis in the perpendicular magnetiza
curve at 4.2 K, together with its shearing from a stepli
increase ideally expected along the easy direction, indic
that the perpendicular ground state of the layer is charac
ized by a magnetic structure consisting of domains mag
tized alternately up and down along the layer normal. T
kneelike feature appearing in the magnetization curve u
demagnetization from saturation, followed by a linear d
crease, mirrors magnetization reversal from the field-indu
perpendicular monodomain state by nucleation of rever
domains and subsequent domain-wall motion. On the o
hand, the rounded shape of the in-plane magnetization c
at 4.2 K indicates that the transition from the perpendicu
multidomain state to the in-plane monodomain state indu
by the magnetic field is governed by rotation of the mag
tization within the domains.

The values of the magnetic saturation fieldsHS
' andHS

i at
4.2 K are compared in Fig. 5 for various thicknessestCo of
the individual Co layers in the system@15 Å CeH2 /
tCoCo]3N. Let us note that these fields, at least for t
multilayer series with 24-Å-thick Co layers, are independe
of the CeH2-layer thickness. The curvesHS

'(tCo) and
HS

i (tCo) cross attCo'17 Å, which is the upper limit, at 4.2
K, for a perpendicular magnetic easy axis in the multilaye
This value is close to the critical thickness for the crystallin
to-amorphous transition in the Co layers. It falls into t
interval of values reported for other Co-based multilay
which extends from below 10 Å to almost 20 Å.7 The tCo
boundary for perpendicular anisotropy is considerably low
than the corresponding thickness found for the CeH2/Fe
multilayers with bcc-~111! texture of Fe, for which the sta
bility of the state with a perpendicular spontaneous mag
tization depends both on the Fe and CeH2-layer thicknesses
and persists, at 16 Å CeH2, for example, even up to 50-Å
thick Fe layers.25 In the CeH2/Fe system, the magnetic fiel
for perpendicular saturation,HS

' , in this state closely fol-
lows, at 4.2 K, the relation
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HS
'54pMS ~3!

as a function of the sublayer thicknessestFe andtCeH, where
MS is the saturation magnetization referred to thetotal
multilayer volume. As can be seen in Fig. 5, this is not th
case for the CeH2/Co multilayers: here, we hav
HS

',4pMS at low values oftCo in the perpendicularly mag
netized state. The functional dependence in Eq.~3! has been
derived by Suna57 in a simple model for the perpendicula
magnetic ground state of a multilayer structure. The mode
based on the assumption, that a perpendicular multidom
rather than a monodomain configuration is energetically
vored, which is supposed to consist of alternately polari
stripe domains. The stability of this state is brought about
the magnetostatic interaction between the domains. Wi
the limit that the domains are large compared to the thi
ness of the magnetic layers but small compared to the t
thickness of the layered stack, it simply results that
multilayer behaves like a uniform medium and the magne
static interaction between the domains~within the magnetic
and across the nonmagnetic layers! can be derived in a con
tinuum approach. The magnetic energy per multilayer u
volume required to saturate the sample perpendicularly to
layer plane then amounts to 2pMS

2 , which is the difference
in energy density between the perpendicular multidom
and monodomain states. Hence, in a magnetic field app
along the layer normal, saturation is reached
HS

'54pMS . It has to be noted that, in this model, the s
bility of the perpendicularly magnetized ground state is
tirely the result of the magnetostatic intra- and inter-lay
interaction between the domains, with energy dens
2pMS

2 . While this appears to be predominantly the case
the CeH2/Fe system at 4.2 K@above 16 Å of~111!-textured
Fe and/or CeH2# where the data fulfill Eq.~3!,25 the consid-
erable reduction ofHS

'(tCo) relative to the values o
4pMS(tCo) in the perpendicular state~Fig. 5! indicates that
magnetostatic interdomain interaction across the CeH2 lay-

FIG. 5. Magnetic saturation fieldsHS
' andHS

i deduced from
the perpendicular and parallel magnetization curves, and 4pMS of
CeH2/Co multilayers~CeH2-layer thickness 15 Å, saturation mag
netizationMS referred to the total volume! at 4.2 K as a function of
the Co-layer thicknesstCo. Solid line through the 4pMS data: Eq.
~1!. Lines through the saturation fields: guides to the eye.
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ers is less effective in the CeH2/Co system in stabilizing the
perpendicular magnetic state. In fact, sinceHS

' andHS
i are

independent of the CeH2-layer thickness, such interactio
must be of minor importance. Possibly, the lateral dom
size is to large and the prerequisites for its upper limit,
required in the model of Suna57 and apparently fulfilled in
the CeH2/Fe system, are not met. Obviously, the perpendi
lar magnetization state must result from other mechanis
~At Co-layer thicknesses for which the magnetic easy a
lies in the film plane,HS

' exceeds 4pMS as expected.!
The area enclosed by the magnetization curves for a fi

applied perpendicular or parallel to the layer planes~see,
e.g., Fig. 2! represents the effective magnetic anisotropy
ergy densityKeff , which is a measure of the difference
energy density between the monodomain configurations w
parallel and perpendicular magnetization. Because in m
systemsKeff varies approximately with the inverse magne
layer thickness, it has become a common~though somewhat
arbitrary! practice7 to decomposeKeff into a volume and a
surface or interface contribution,KV andKS , which for the
present system reads as

KefftCo8 5KVtCo8 12KS , ~4!

with KV5KV*22pMSCo82 . In this phenomenological relation
we use the Co-layer thicknesstCo8 5(tCo26.7 Å! and the
magnetizationMS,Co8 , both corrected for the magneticall
dead zone according to Eq.~1!. (22pMSCo82 ) denotes the
shape anisotropy,KV* an additional volume contribution, an
the factor 2 in front ofKS arises from the two interfaces o
each layer.Keff.0 is assigned to the case of a perpendicu
magnetic ground state, which is favored byKV ,KS.0. It
must be emphasized however that if the system lowers
energy by the formation of perpendicular magnetic doma
even negative values ofKeff ~which compares monodomai
configurations only! may be compatible with a spontaneo
perpendicular orientation of the magnetization. In fact, as
have mentioned above, the previously investigated multil
ers CeH2/Fe ~Ref. 25! present an instructive example for
system where the perpendicular magnetic state is cons
ably stabilized by the interaction of the perpendicular d
mains in the Fe layers across the CeH2 spacer layers. We
have also argued that such a stabilization effect is quite sm
in the CeH2/Co system.

Figure 6~a! showsKefftCo8 as a function oftCo8 for constant
tCeH at different temperatures. A linear relationship acco
ing to Eq.~4! is reasonably well obeyed, except for the low
est tCo8 value at 4.2 K. This may indicate that a decompo
tion of the anisotropy energy density into a volume a
interface contribution looses its meaning for very low C
layer thicknesses in the present system. At 4.2 K,Keff

changes its sign attCo8 '10 Å, i.e., attCo'17 Å, which cor-
roborates the critical-thickness value~at this temperature! for
the transition from a perpendicular to an in-plane magne
easy axis resulting from a comparison of the perpendicu
and parallel magnetic saturation fields in Fig. 5. Note t
there is no discontinuous change of the data at
crystalline-to-amorphous transition neartCo8 513 Å, Keff is
not sensitive to amorphization. The values ofKS and KV*
resulting from the fits at the various temperatures and
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55 3077MAGNETIC ANISOTROPIES AND MAGNETOTRANSPORT . . .
subsequent subtraction fromKV of the measured
temperature-dependent shape anisotropy (22pMS,Co82 ), are
displayed in Fig. 6~b!. They both vary considerably with
temperature and have different signs, hence they counte
in their mutual influence on the magnetic anisotropy of
multilayers. The positive sign and the relatively large va
of the interface anisotropyKS reveals that it is the mecha
nism behind this quantity which here is at the origin
the perpendicular anisotropy. At 4.2 K, we ha
2KS /tCo8 5173106 erg/cm3 for tCo8 510 Å which is
;4uKV* u. The decrease ofKS with increasing temperatur
reflects the growing tendency for in-plane orientation of
magnetization. This orientation is supported by the nega
volume anisotropyKV* and the shape anisotropy,KV*
amounting up to ;30% of (22pMS,C082 )521.38
3107erg/cm3 at 4.2 K.

The magnetic anisotropy densities in Fig. 6~b! may be
compared with results found in other Co-based multilay
showing out-of-plane orientation of the magnetization.7,58

Such a comparison can reveal trends only since it is w
known that the absolute values reported in general depen
the structural properties of the interfaces.58 The values of the
interface componentKS are generally positive and range b
tween 0.5 and 1.0 erg/cm2, which is of similar magnitude as
in the present system. But it is clear that the physical ori

FIG. 6. ~a! Product of the effective magnetic anisotropy~re-
ferred to Co!, Keff,Co, and effective Co-layer thicknesstCo8 vs tCo8 for
CeH2/Co multilayers~CeH2-layer thickness 15 Å! at four selected
temperatures@Eq. ~4!#; the curves have been displaced vertical
~b! Temperature dependence of the interface and volume anisot
contributions,KS andKV* resulting from the straight lines fitted t
the data in~a! ~see text!. The solid lines in~b! are guides to the eye
act
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of KS may be of different nature in each case; possible c
tributions, for example, may derive from hybridization e
fects in the electronic structure near the interfaces, wh
possibly are reflected here in the magnetically dead zon
the Co layers, or from magnetoelastic effects in the case
incoherent growth across the interfaces59 which is realized in
the present system~Sec. III!.

Contributions to the volume anisotropyKV* which appear
in addition to the shape anisotropy may be expected to re
from magnetocrystalline and/or magnetoelastic anisotrop
As we have pointed out in Sec. III, the x-ray-diffraction di
grams do not permit one to identify the observed texture
the Co sublayers in the multilayer samples with CeH2 as
fcc~111! or hcp~002!. The magnetocrystalline anisotropy
negligible for fcc Co and amounts to 0.563107 erg/cm3 for
a hcp-Co film with thec axis along its normal. Since th
observed values ofKV* @Fig. 6~b!# are very small at room
temperature as compared to the shape anisotropy and
come increasingly negative towards low temperatures, it
be concluded that~i! the structure of the Co films is predom
nantly fcc and~ii ! the observed anisotropyKV* is not of mag-
netocrystalline origin. Let us note that a comparison w
KV* data compiled for various Co-based multilayers

7,58 is not
very illuminating: a broad range of mostly positive values
reported which depend on the crystalline orientation.

A remaining possibility is to attributeKV* to strain in the
magnetic sublayers which contributes to the total magn
anisotropy energy density of a multilayer via magnetoela
coupling. Quite generally, strain can be induced by vario
sources. Among them is lattice mismatch between dissim
adjacent layers, or intrinsic strain arising during the grow
process.KV* is very small at room temperature and esse
tially appears only at temperatures below 200 K. This s
gests to identify its source with thermal strain associa
with differences in the thermal expansion coefficients of
layer materials and the substrate, or with a structural dis
tion in the CeH2 sublayers which has recently been observ
in the CeH2/Fe multilayers somewhat below 200 K, where
leads to a lateral expansion of the bcc-Fe lattice.60 Let us
mention that a tetragonal distortion around 200 K is a w
documented property for bulk CeHx crystals with a similar
hydrogen concentration as in our layered system.61 We ten-
tatively hypothesize that such a mechanism is effective in
CeH2/Co multilayers in generating a magnetoelastic con
bution to the magnetic volume anisotropy of the Co subl
ers. Since the effective anisotropy energy densityKeff and
hence alsoKV* vary continuously through the crystalline-to
amorphous transition in the Co layers@Fig. 6~a!#, we assume,
in a first approximation, that the magnetoelastically-deriv
volume anisotropy energy density of the Co layers can
estimated from the expression for an isotropic medium62

Kme52 3
2 lscos2w, ~5!

wherel is the isotropic magnetostriction constant,s is the
stress related to the strain« via the elastic modulusE by
s5«E, andw is the angle between the stress axis and
magnetization. Equation~5! shows thatKme is negative for
tensile strains.0 and positive magnetostrictionl and
hence favors an in-plane magnetic easy axis. The proble
that l of fcc Co is not known, in particular not for the

py
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present multilayer structure. Extrapolation of the recen
measured data63 of Pd/Co multilayers with fcc-~111! interfa-
cial orientation to thick Co layers, or of Pd-Co alloys to pu
fcc Co yields a verysmall but positivel>0 if the relation
l5(2l10013l111)/5 is used for the averaging procedure62

But this is not very conclusive since it has been recen
observed64 that l cannot be simply transferred from bu
crystals or from other layered structures. We must concl
then that without measured data ofs andl for the present
Co-based multilayer system it cannot be decided if the m
sured volume anisotropyKV* is at least partly due to a mag
netoelastic mechanism; at present, the source ofKV* must
remain unexplained even qualitatively. Let us mention tha
the comparative multilayer system CeH2/Fe a corresponding
volume term does not appear, the measured magnetic vo
anisotropy densityKV is entirely of dipolar origin, i.e., is a
pure shape anisotropy.25

V. MAGNETOTRANSPORT

A. Anisotropic magnetoresistance

The magnetoresistance of the multilayers,Dr(H)/r(0)
5@R(H)2R(0)#/R(0) was measured in standard fou
contact geometry, using an ac driving current of 100mA at
117 Hz in the layer plane, and a magnetic fieldH directed
parallel to the current~longitudinal magnetoresistance! or
along the layer normal~perpendicular magnetoresistance!.

Quite generally, the common anisotropic magnetore
tance~AMR! of magnetic materials~not to be confounded
with the giant magnetoresistance in layered magnetic st
tures which has not been observed in the present sys!
originates from spin-orbit coupling and usually is sm
@Dr(H)/r(0);1%#. Theoretical models involve aniso
tropic s-d scattering mechanisms.65 In the following we shall
demonstrate how the AMR can be used to investigate
magnetic anisotropy of thin layers. The AMR depends on
anglea between current and magnetization, via the angu
dependence of the resistivity66

r~a!5r'1~r i2r'!cos2a5r'1Drabscos
2a, ~6!

where r' and r i denote the resistivities for perpendicul
and parallel orientation for magnetization and current,
spectively, andDrabs5(r i2r') ~for Co,Drabs.0). In fact,
all magnetic multilayers show such an angular dependenc
the case of magnetic saturation. For a random spontan
in-plane orientation of the magnetization, we have

r~H50!5r~0!5r'11/2Drabs. ~7!

This can be used to detect the spontaneous orientation o
magnetization relative to the layer plane. If, in the case
dominating in-plane anisotropy, the magnetization is r
domly oriented in the layer plane in a domains patternr
increases with an increasing magnetic field applied para
to the layer plane by 1/2Drabs up to r i , and decreases b
1/2Drabsdown tor' if the magnetic field is directed perpen
dicular to the layer plane. The saturation fields mirror sa
ration of the magnetization as they appear in the magne
tion curves. If, on the other hand, the magnetization
spontaneously oriented perpendicular to the layer plane
have
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r~0!5r' , ~8!

independently from an eventual existence of a multidom
state. Since the domains disappear in a sufficiently high p
pendicular field, while the magnetization retains its perp
dicular orientation,r does not vary with the field. For an
in-plane field,r increases byDrabs to r i and saturates a
HS

i .
Figures 7~a! and 7~b! show the longitudinal and perpen

dicular magnetoresistance of two representative multila
samples CeH2/Co at different temperatures. In addition
the AMR dominating in magnetic fields up to 15 kOe, the
is a high-field contribution which is independent of the fie
orientation and varies linearly with the field in the availab
range~up to 70 kOe!. Here, we focus on the AMR. It be
haves very similarly as we expect from our preceding d
cussion. For the multilayer@15 Å CeH2/24 Å Co#350,
which according to Sec. IV shows an in-plane magnetic e
axis, the parallel magnetoresistance increases and satura
a relatively small field (;2 kOe!, disregarding the high-field
contribution. In a perpendicular field, saturation of the ma
netoresistance is reached in a considerably higher fieldHS

'

only. In this case, the initial increase suggests that, star
from an in-plane multidomain configuration, the magne
field first creates an important component of the magnet
tion parallel to the current, prior to turning it out of plan
into the perpendicular direction. This may be due to a sm
misaligned component of the external field. The extrapo
tion of the high-field curves to zero field reveals that t
relation for r(0) given in Eq. ~7! is rather well obeyed.
A similar behavior is observed for the multilayer@15 Å
CeH2/14 Å Co#377 at 100 and 200 K, except that the hig
field part of the magnetoresistance now displays a posi
slope @Fig. 7~b!#. At 4.2 K however, the magnetoresistan
curves are distinctly modified. The slope of the high-fie
component now is negative. Furthermore, the anisotro
part in the curves now is consistent with the observat
~Sec. IV! that, at this temperature, the sample adopts a c
figuration of magnetic domains magnetized perpendicula
to the layer planes: the relationr(0)5r' @Eq. ~8!# is well
obeyed, there is no field dependence for the perpendic
case, disregarding the superimposed high-field part; the
gitudinal magnetoresistance saturates at a relatively h
magnetic field (;9.5 kOe, compare to Fig. 2!.

Figure 7 shows that the relative magnetoresista
Drabs/r decreases with increasing temperature. This i
consequence of the resistivity increase due to phonon s
tering. In addition, the absolute magnetoresistanceDrabsde-
creases with increasing temperature, which is a common
servation for ferromagnetic alloys. This is explained by t
temperature-dependent mutual cancellation of non-correl
contributions to anisotropic scattering.65

As we have mentioned, the CeH2/Co multilayers presen
an additional contribution to the magnetoresistance wh
adds to the AMR part and can be isolated in sufficiently h
magnetic fields~Fig. 7!. It does not depend on the relativ
orientation of field and current and varies approximately l
early with the field; it can increase or decrease, depending
the thickness of the Co sublayers and/or temperature.
effect is under further investigation. Preliminary measu
ments in magnetic fields up to 350 kOe show deviatio
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55 3079MAGNETIC ANISOTROPIES AND MAGNETOTRANSPORT . . .
from a linear variation.67 A similar high-field magnetoresis
tance has been observed in Ni/Ti, NiC/Ti, and Co/
multilayers68 but remains to be explained.

The present multilayer system combines the compon

FIG. 7. Longitudinal and perpendicular magnetoresistance
two CeH2/Co multilayers with Co-layer thicknesses of 24 and
Å at different temperatures.
nt

CeH2 with a high resistivity and the component Co with
relatively low resistivity. This can be used for a separation
the two contributions to the total resistivity. In the simple
case, if interfacial electron scattering can be neglected,
resistivityr of a multilayer is that of two resistors in paralle

L

r
5

tCeH
rCeH

1
tCo
rCo

~9!

with L5tCeH1tCo. Plots of L/r versus tCeH ~9 Å<tCeH
<34 Å! at constanttCo524 Å for different temperatures
~not reproduced here! show that a linear relationship is we
obeyed, which indicates that the resistivity of the CeH2
sublayers is independent of their thickness. The resul
rCeH'900 mV cm nearly independent of the temperature
is this high value which is responsible for the relatively sm
magnetoresistances of the system~Fig. 7!; in pure Co layers,
for example, magnetoresistances amount to several per
The high resistivityrCeH indicates that the CeH2 layers are
close to the well-known metal-to-semiconductor transition
the material, the behavior still being metallic. In contra
plots L/r versustCo at constanttCeH do not yield straight
lines, which shows that the resistivity of the Co sublaye
depends on their thickness. Figure 8 shows this depend
as it results from Eq.~9! for tCeH515 Å at different tem-
peratures. Two regimes are observed:rCo is constant near 80
mV cm at thicknessestCo,20 Å where Co is amorphous, bu
varies }1/tCo for larger thicknesses due to a scatteri

f

FIG. 8. Electrical resistivity of the Co sublayers,rCo, in
CeH2/Co multilayers~CeH2-layer thickness 15 Å! as a function of
tCo at different temperatures. The lines are fits to the formrCo

}1/tCo.
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3080 55T. NAWRATH, B. DAMASKE, O. SCHULTE, AND W. FELSCH
contribution of the interfaces. For the crystalline Co subla
ers the electron mean free path must at least be on the o
of their thickness.

B. Extraordinary Hall effect

The Hall resistivity of magnetic materials is composed
the ordinary Hall effect due to the Lorentz force and t
extraordinary Hall effect~EHE! based on the spin-orbita
coupling:

rH5R0H1RS4pM . ~10!

Here,R0 andRS denote the respective Hall coefficients,H is
the applied magnetic field andM the magnetization. Ou
objective is an investigation of the second component,
EHE. ~Due to its proportionality to the magnetization, it pr
vides a convenient way to determine the magnetic satura
field of a sample. In fact, the perpendicular fieldsHS

' result-
ing from the measured extraordinary Hall resistivity of t
CeH2/Co multilayers agree very well with the correspondi
data in Fig. 5 deduced from the magnetization curves.! In
homogeneousmagnetic materials, a simple scaling relati
between the extraordinary Hall coefficient and the ordin
resistivity r holds:69

RS5Ar1Br2. ~11!

The origin is well understood. Spin-orbit coupling breaks t
time symmetry. As a consequence, the scattering matrix c
tains an asymmetric term with respect to incident and s
tered wave vectors, named skew scattering; it gives ris
the first term in Eq.~11!. A second effect of spin-orbita
coupling is of purely quantum-mechanical nature. Due to
noncommutivity between the position operator and the sp
orbit Hamiltonian, an anomalous velocity term arises wh
contributes to the EHE in the form of the second term in E
~11! known as side jump.

For homogeneous magnetic materials, the validity of
scaling relation in Eq.~11! has been well verified. Howeve
it is a matter of actual discussion70 whether this relation
holds for magnetically inhomogeneous solids such as ar
cial layered structures consisting of alternately magnetic
nonmagnetic components. According to a recent invest
tion by Tsuiet al.,71 for example, the quadratic scaling rel
tion RS}r2 is obeyed in Co/Cu superlattices. This mea
that Eq.~11! ~in the limit that side jump dominates electro
scattering! is valid in this system. On the other han
Zhang,35 in a calculation based on the Kubo formalism, h
recently come to the conclusion that the scaling relation
the side-jump term in Eq.~11! is not valid for magnetic
multilayers in general, but only in exceptional cases. O
such case is the local limit, where the electron mean free p
is small as compared to the thickness of the individual co
ponent layers.

The Hall effect of the CeH2/Co multilayers was measure
in conventional geometry, i.e. with the magnetic fieldH ap-
plied in the growth direction and the driving current and H
voltage in the plane of the layers. The ordinary Hall coe
cientsR0 were found to lie in between those of 2000-Å-thic
layers of the constituent materials CeH2 and Co. The ex-
traordinary Hall coefficientsRS were determined from the
measured Hall resistivitiesRS4pMS and saturation magneti
-
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zationsMS , henceRS does not depend onH. To test the
validity of Eq. ~11! for the present case, we display in Fig.
for samples with varying Co-layer thickness and const
CeH2-layer thicknesstCeH515 Å, the extraordinary Hall co-
efficient divided by the multilayer resistivity,RS /r, as func-
tion of the resistivityr at different temperatures. The da
point to the existence of two regimes, related to multilay
with crystalline or amorphous Co sublayers, respective
with a borderline defined byr between about 120 and 15
mV cm. In each regime, the scaling relation in Eq.~11! is
obeyed, both skew scattering and side jump contribute
electron scattering;A is on the order of 1026cm3/emu and
B on the order of 1029cm2/mV emu.

It is not obvious how the validity of the functional depe
dence of Eq.~11! in the multilayer system under conside
ation can be substantiated in the framework of Zhan
calculation.35 The requirement of the local limit may be fu
filled in the regime of the amorphous Co sublayers, but c
tainly not in the regime where Co is crystalline, i.e., f
thicknessestCo between 20 and 53 Å. In this case a substa
tial contribution to electron scattering comes from scatter
at the interfaces, as we have indicated above, which me
that the electron mean free path is not small as compare
the Co-layer thicknesstCo. Let us mention~data not shown!
that the extraordinary Hall coefficientRS decreases withtCo
qualitatively in a similar way asrCo ~see Fig. 8!, which
means that interfacial scattering is an important mechan
for RS , too, if Co is crystalline. In this case, the sidejum
coefficientB increases slightly with temperature which ma

FIG. 9. Extraordinary Hall coefficientRS of CeH2/Co multilay-
ers~CeH2-layer thickness 15 Å! divided by the multilayer resistiv-
ity r as a function ofr at different temperatures.
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55 3081MAGNETIC ANISOTROPIES AND MAGNETOTRANSPORT . . .
reflect the increasing importance of electron-phonon sca
ing in Co forRS , as in the case of the resistivityr(T). In the
regime of amorphous Co, where electron scattering occu
the volume of both constituents, the sidejump coefficientB is
larger than in the case of crystalline Co. Finally, we ment
that the RS-r scaling relation@Eq. ~11!# is well obeyed
in a 2000-Å-thick Co layer. For this layer,RS varies between
2 and 631026 mV cm4/emu and r between 6 and
12 mV cm as a function of temperature between 4.2
300 K. The coefficients obtained from a fit to Eq.~11! are
A52.831027 cm3/emu andB51.531027 cm2/mV emu.
Note that in particularB is 2 orders of magnitude larger tha
in the CeH2/Co multilayers. This means that electron sc
ting from side jump is considerably more effective in t
thick Co layer than in the multilayers.

VI. CONCLUSIONS

Multilayers of periodically stacked CeHx (x'2) and Co
films can be prepared with sharp interfaces by reactive
beam sputtering in a hydrogen atmosphere. Arguments b
on solution enthalpies and comparison with other hydri
multilayers suggest that essentially only the Ce layers
up the hydrogen. The individual CeH2 and Co layers grow in
a ~111!-textured fcc-structure above critical thicknesses o
and 20 Å, respectively, and in an amorphous structure be
these thicknesses. The temperature dependence of the
netization follows a spin-wave law for a three-dimensio
ferromagnetic solid, with a considerably enhanced spin-w
parameter compared to bulk fcc Co. The saturation mag
zation and the spin-wave parameter vary continuou
through the crystalline-to-amorphous transition of the
sublayers. This is in contrast to the behavior of multila
systems based on Fe, where the transition to the amorp
Fe phase is accompanied by a drastic reduction of the
ration magnetization. This behavior demonstrates that
electronic configurations of amorphous Co and Fe
closely related to those of the fcc phases of the bulk me
A magnetically dead zone is identified in the Co layers at
y
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interfaces with CeH2. It may result from hybridization ef-
fects of the electronicd states in the intermixed region.

At low temperatures, below a critical thickness of abo
17 Å, the magnetization is spontaneously oriented perp
dicular to the layer planes in a multidomain configuratio
The magnetization turns into the layer planes between 50
100 K. It is demonstrated that phenomenologically the o
entation of the magnetic easy axis is determined by the co
petition of a strong interface contribution to the magne
anisotropy energy, which supports a perpendicular easy a
and the shape anisotropy together with an additional volu
anisotropy, which advocate an in-plane easy axis. T
mechanisms behind the counteracting surface and extra
ume anisotropies could not be identified. Comparison w
the recently studied CeH2/Fe multilayers

25 reveal interesting
differences. For example, the perpendicular magnetic gro
state is stable up to considerably larger Fe-layer thicknes
due to a magnetostatic interaction of the perpendicular
mains across the CeH2 spacer. Furthermore, in this syste
the temperature-driven reorientation of the magnetization
curs at a well-defined temperature which depends on
thickness ofboth sublayers.

The magnetic anisotropy of the multilayers and resulti
the spontaneous orientation of the magnetization with resp
to the layer planes derived from the study of the magneti
tion curves is reflected in the appearance of an anisotro
magnetoresistance. The extraordinary Hall effect is co
posed of contributions from skew scattering and side jum
The extraordinary Hall coefficient scales with the ordina
electrical resistivity. The data point to the existence of tw
regimes, related to crystalline or amorphous Co sublayer
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