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Cap layer influence on the spin reorientation transition in AWUCo/Au
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X-ray magnetic circular dichroism vector magnetometry provides evidence that the spin reorientation tran-
sition in epitaxially grown Au/Co/Au films depends on the thickness of the Au capping layer. Whereas a
1.9-nm-thick Co film with a 2-nm Au cap exhibits the expected pure in-plane orientation of the magnetization
in the remanent state at room temperature, the same film with thinner Au cap shows a significant out-of-plane
component. These findings are linked with the observation of a cap-induced enhancement of the orbital
moment of about 0.Qbg per Co atom.
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An important topic in thin-film magnetism research is the Using a (11_2)) sapphire single-crystal substrate (16 mm

mfluenc;e OfTrt]he.red;“.:ed dlmEnS;]O?a|lty o? tge magnletl 39 mm), a 15-nm WL10 bcc layer was first evaporated,
prolijertufas. IS |sho lmtgre|st .Ot frqm awyﬂ éamenta. Sollowed by a 5.0-nm A(l11) fcc layer. The subsequently
}Ne as from a te_c nologica point OF VIEW. Ith decreasing evaporated Co layer was 1.9 nm thick, with(@02) hcp
ayer thickness Interesting magnetic effects are often Obétructure. On top, a staircase of 1.0 nm, 1.3 nm, 1.7 nm, and
served. One prominent example is the spin reorientation tranz- 0 nm Au was evaporated in terraces with a width of 9.75
sition (SRT) in ultrathin Co films of a few monolayers, sand- " > €vap ) ’
wiched between transition metal films like Au* Here the ™M™ Al erosmon rates were controlled during growth us-
easy axis of Co magnetization changes from in plane to odf'd @ calibrated quartz microbalance. The chemical compo-
of plane when the thickness of the Co layer is decreased atSition: cleanliness, and occurrence of epitaxial growth were
fixed temperature or when the temperature is decreased ac@ntrolled,in situ, by means of Auger electron spectroscopy
fixed thickness:® This can be attributed to the different de- (AES) and low-electron energy diffractioL EED), respec-
pendence in the magnetic anisotropy constants for Co atonti/ely. For more details, see Refs. 5 and 6.
in the bulk and at the interface. From a microscopic point of The X-ray absorption and XMCD spectroscopy measure-
view it is suggested that the symmetry breaking of the locaments were performed at the undulator beamline 5.2 at the
environment of magnetic atoms at interfaces should be reStanford Synchrotron Radiation Laboratd§SRL), using a
sponsible for the observed effects. In particular an anisotropgpecially tailored UHV chambéf. This setup is optimally
in the magnetic orbital moments is expecfed. suited for vector magnetometry since both the sample and
With x-ray magnetic circular dichroisfiXMCD) spec-  magnetizing coils rotate independently. The helicity of the x
troscopy it is possible to separate and determine the spin andys was fixed during the experiments. All spectra were re-
orbital magnetic moments ind3transition metals by apply- corded in the remanent state. The XMCD signal was ob-
ing the magneto-optical sum rulBsBy means of XMCD tained by switching the magnetization direction either paral-
measurements at the dg, ; edges of Au/Co/Au layers, it lel or antiparallel to the photon spin. This was done in the
was shown in Refs. 9—11 that an asymmetry of the in-planén-plane or out-of-plane direction of the sample using pulses
and out-of-plane orbital moments develops with decreasingf 170 Oe. This applied field is an order of magnitude larger
Co thickness. In Ref. 9, the Au cap thickness was held conthan the in-plane coercive field of the sample. As in earlier
stant around 1.8 nm and the Co thickness varied. However, gtudies, the in-plane remanent magnetization lies along the
is also known fromin situ polar magneto-optical Kerr effect substrate W 110 directions® The spectra presented here
(MOKE),*2~in situ torsion magnetometry, and relativistic ~ were recorded using the photocurrent from the sample. Si-
spin-polarized local spin density calculatidhthat the thick-  multaneously, total electron yield measurements were done,
ness of the cap also influences the magnetic surface anisaising a channel plate detector. This latter method was found
ropy in Au/Co/Au sandwiches. Here we report on the influ-to produce identical results. The undulator supplies nearly
ence of the thickness of the Au cap on the Co magnetizatiot00% circularly polarized light. The beamline optics delivers
in epitaxial Au/Co/Au sandwiches and present, in particulara spot size of about 1 mm on the sample, well below the size
results obtained by XMCD magnetometry. of the terraces defined by the regions of different cap thick-
The thickness of the Co layer was chosen so that th@esses. For the evaluation of the spectra a well-established
temperature-driven reorientation of the magnetization fronprocedure described elsewhere was used, yielding results on
in plane to out of plane occurs as the temperature is lowered per atom basi€ The spectra have been corrected for satu-
below room temperature® A staircase sample with four dif- ration effects in the photocurrent, which become pronounced
ferent thicknesses of the capping layer was prepared bt small incidence angles according to the procedure de-
e-beam evaporation in an ultrahigh-vacuum chamfimase  scribed in Ref. 19. An effective electron escape depth of 1.7
pressure<3x 10 °mbar) at the Hahn-Meitner Institute. nm was assumed as determined from these investigdtions.
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FIG. 1. Angular dependence of the Cg peak heights for two FIG. 2. Measured x-ray absorption spectra for the Co layer

different cap layer thicknesses on a 1.9-nm Co film grown on Au.apped with 1.0 nm and 2.0 nm Au at normal and grazing x-ray
Values are plotted vs the cosine of the x-ray angle of incidéhce incidence. The spectra have been corrected for saturation effects.
The data are corrected for saturation effects in the secondary chai

- Rormalized to yield a signal on a per-atom basis, are shown
nel at small x-ray incidence angles.

in Fig. 2.

The data of both Figs. 1 and 2 indicate a qualitatively
The Co signal-to-background or high-energy continuum edgelifferent magnetic behavior of the Co layer depending on the
jump ratio was found to be 0.19 in the case of the 2-nm caphickness of the Au cap. In the region with the 2-nm Au cap
and 0.38 in the case of the 1-nm Au cap. These values af@ere is no visible XMCD signal at the; peaks at normal
sufficiently large to allow for an analysis of the dichroic x-ray incidence and maximum XMCD difference at grazing
signal as presented earli&r2° incidence. For angles in between, the intensities varies lin-

Magnetometry was performed at room temperature for alkarly (Fig. 1). This dependence is expected in case of a com-
four sample regions by taking XMCD spectra at five differ- plete in-plane magnetizatidi,having no out-of-plane com-
ent x-ray incidence angle®. Here ® denotes the angle ponent. On the other hand, in the region capped with 1 nm
between incident beam and sample surface. The magnetmy a XMCD difference was detected at grazif&f) aswell
field was in all cases applied in plane except for the 90°as at normal incidence (909Figs. 1 and 2 However, the
measurements, where it was applied parallel to the samplgifference at grazing and normal incidence was not as big as
normal, i.e., out of plane. The XMCD intensity is propor- for the 2-nm Au cap at grazing inciden@eig. 2), indicating
tional tok- M wherek is the propagation vector of the light a reduced remanent magnetic contribution at each of these
andM the direction of the magnetization in the sample. Wedirections. Interestingly a nearly vanishing splitting at inter-
take the XMCD difference at the; peak maximum as a mediate angles is found in the case of the remanent magne-
measure of the projection of the Co layer magnetizationization for the 1-nm Au cap when the field is applied in
along thek vector. For example, at normal x-ray incidence, plane. A possible interpretation can be based on the splitup
one can evaluate whether any remanent component is poiniato magnetic domains. A model based on a state of coexist-
ing out of plane. At grazing incidence one measures the ining phases has also been proposed recently for the system
plane components of the remanence. For a magnetic moiGo/Au(111).?* A detailed discussion of these models in con-
odomain, a cosine angular dependence is expected, @agction to a detailed analysis of the XMCD angular depen-
indicated by the scalar product given above. dence goes beyond the scope of the present communication.

We examined the magnitude of the XMCD difference atThe important finding is that in the thin Au cap case, both
the L; peak maximum as a function of the incident x-ray in-plane and out-of-plane magnetization components do exist
angle. In Fig. 1 we show the recorded intensity at the majorin the remanent state. An intermediate situation is observed
ity and minority L3 peaks, respectively, as a function of the for the regions with 1.3-nm and 1.7-nm Au caps. For both
cosine of the x-ray incidence ang. Data for both 1-nm these regions a nonvanishing magnetization component was
and 2-nm Au caps are presented. The corresponding spectihserved also at normal x-ray incidence, indicating that in
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the remanent state the resulting magnetization vector has an o19 FT ! ! ! ! ]

out-of-plane component. Co Orbital Moment
By cooling the sample close to liquid nitrogen tempera- Au/Co/Au

ture and probing the XMCD response in an identical manner 0.8 e i

to what has been discussed above for room temperature, it
was checked that all sample regions showed a out-of-plane
magnetization with no significant in-plane XMCD signal.
The XMCD difference at theé 5 lines for the out-of-plane
magnetization was within experimental error of the same
size for all regions. Thus, all regions showed the expected
temperature-driven SRT. Indeed, a smooth and reversible
temperature-driven SRT is found for the region with the
2-nm Au cap, as we reported elsewh&t@hese last obser-
vations confirm the intrinsic character of our findings and the
high quality of the samples. During the measurements we
also checked, using x-ray absorptixygen and carbokK
edges, that no sizable amounts of oxygen and carbon impu-
rities could be detected in the sample. In addition, we
checked that the Co signal-to-background ratio at the high-
energy continuuniCo edge jump ratipdecreased in an ex-
ponential manner as a function of the Au cap thickness, with 013 - -
an effective electron escape depth of about 1.7 nm. As men-
tioned above, this value is in agreement with the saturation | | | | | |
correction procedur® All these findings are compatible 10 12 14 16 18 20
with epitaxial, high-quality, smooth layers of Au and Co of
high purity. They indicate that the observed cap dependence
of the magnetic properties is of an intrinsic character for the FIG. 3. The orbital moment per Co atom is given as derived by
SRT in the Au/Co/Au system. applying the XMCD sum rules. The spin moment was found to be
In a second step in the analysis of the XMCD spectra, theonstant, 1.2) Bohr magnetons{g) per Co atom, for all sample
spin momentdM g and orbital moment$/, of the different  regions. The given error bars are relative. They include uncertain-
regions were quantified by using the magneto-optical sunties in the relative area determination, but do not include limitations
ruled as presented earlier in the case of thin Co fitf§.  due to the fact that the sum rules are based on a simplified atomic
The number of occupied states was set to 7.5. Since we model. An absolute error in the order of 20% is appropriate.
probe the remanent state, we also correct the data for the fact
that the magnetization is reduced compared to the magnethu cap thickness can also induce a reorientation of the Co
cally saturated state, as determined from the element specifinagnetization. Any deviation from the expected values of
hysteresis loops. For the latter experiment experiment théhe spin and orbital moments, in conjunction to theory, indi-
beam energy was fixed at the energy of thelGgoeak and cates how the electronic state of the Co layer is modified.
the intensity of the reflected specular be@ngle of incident  The application of the sum rules yields a constant spin mo-
light equals angle of reflected lightvas recorded with a ment of 1.7(2ug per Co atom, independent of the Au layer
diode while changing the magnitude of the in-plane appliedhickness. The total error in the spin moment determination
magnetic field. Given the fact that we do not systematicallyis 0.2ug per Co atom, while the relative error is only in the
measure the XMCD response in both the easy and hard magrder of 5%. For the orbital moment an increase of 20% is
netic directions, we use data from the literature for the dipo-observed with decreasing Au cap thickness, as shown in Fig.
lar correction in the sum rulést! This approach is justified 3. To our knowledge this is the first time such an observation
as the above-mentioned data where obtained from measurbas been made. Previous results on cap-induced effects for
ments performed for the same systdiu/Co/Au) for a  epitaxial films have been reported, but were limited to the
thickness of the Au cap corresponding to our 2.0-nm capoverall magnetization and the Curie temperafdreOur
The transferability of the dipolar correction term for the casepresent observations clearly link the out-of-plane magnetiza-
of the thick Au cap is justified giverti) the magnetic re- tion to the variation in the orbital moment anisotropy, as one
sponse reported in the literature for similar systems @nd would expect based on general arguménfse data of Fig.
the corresponding orientation of the magnetization and it8 show that in the case of the 1.0-nm Au cap, two distinct
temperature dependentt. An analysis of the present set of points are obtained corresponding to the in-plateaver
data in terms of spin and orbital moments on a per-atonvalug and out-of-plane(higher valug responses, respec-
basis allows us to gain further insight into the orbital mo-tively. These values are, however, still close to the experi-
ment anisotropy related with the local environment of the Camental error. For the intermediate cap thicknesses both an in-
atoms. The orbital moment anisotropy as is now discussednd out-of-plane magnetic response was observed in the
appears directly linked with the occurrence of the SRT ob-XMCD data.
served here. As we observe experimentally, a change in the The variation of the orbital moment that occurs between 1
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nm and 2 nm Au cap thickness is in the same range as th&howed an exponential dependence on the cap layer thick-
variation reported earlier at constant Au cap thickness bumhess. The same exponential attenuation was also found in the
with variable Co layer thickness:* A variation from about  XMCD edge jump ratios. This indicates a uniform growth of
0.08ug to 0.14ug per Co atom was reported as the Co thick-the Au cap.

ness is varied for the in-plane orientatigmard axig for a We expect that structural and electronic structure modifi-
AU/COAAU staircase sample between 4 and 11 Co atorgations may occur upon capping. Further crystallographic
layers¥! The Cﬁrrespondlng ou_t—of—plane valu@asy axis experiments are necessary to link the results in Fig. 3 to
are 0.21-0.14: Here we obtain values from 0.180 to  gjectronic structure effects originating in the modified sym-
0.18210) by varying the Au cap thickness. This yields a metry of the Co layer atoms upon capping. The precise study
variation of the orbital moment of about 00 per Co .t the functional dependence of the data in Fig. 3 allows us

?r:om. All values C.)f tlhe orbital mt?]ment reportedt hdere are My, discriminate interface from volume effects for the Co film
e same numerical range as the ones reported éattier. as noticed earliet!* Here, a nonlinear dilution law would

Followir)g thg treatment by Brun7owe7(2btain a spin-orbit best describe our results, supporting a model where cap-
magnetic anisotropy energy of 1.230°% eV per Co atom induced changes occur primarily close to the Co/Au inter-

using the ;arr;le cprrectwe pon§tants as presenteq for.A'f ce. A precise analysis goes beyond the scope of the present
Co/Au earlie! This energy is still larger than the spin-spin communication

dipole Interaction of about 310 . e.V per Qo atom. Th(.a In conclusion, XMCD vector magnetometry provided evi-
data of Fig. 3 therefore explain, within this simple qualitative 4 "1t the spin reorientation transition in epitaxially

model, the observation of out-of-plane components as the Atjrown Au/Co/Au thin film layers depends on the thickness of

ca&tgicknedss decri?rs]es. bital t in ultrathin Co | the Au cap. Whereas a 1.9-nm-thick Co film with 2-nm Au
ependence ot the orbital moment, In ultrathin ©0 ay'cap exhibited the expected pure in-plane orientation of mag-

ers, on the variation of the thickness of the cap layer in thenetization at room temperature, Co films of the same thick-
order of a few monolayers has not been reported so far. ORess but with thinner Au caps showed a significant out-of-

the other hand, itis we!l.known tha't the anisotropy energy—plane component in the remanent state. These findings were
and hence the transition from in-plane to out-of-plane

s ) ; linked to the observation of a cap-induced variation in the
magnetization—can be mfluen_ced by evaporating a cap I iia) moment anisotropy of Co. We observed an enhance-
the submonolayer range. As discussed previously, a NONUNE .+ of the Co orbital moment from 043 per atom for a
form cap of the Co with Au can be excluded as an explana-

tion to bring both findings in one picture. Uncapped Co ex—2'nm Aucap to 0.1 for a 1-nm Au cap.

hibits an in-plane orientation of the magnetization, which We acknowledge support from the German BMBF-
turns out of plane upon capping. The region with the thickVerbundforschung, the Swedish Research CouiwR), and

Au cap should therefore show an out-of-plane orientatiorthe Gaan Gustafsson Foundation. The work was partly done
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