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Cap layer influence on the spin reorientation transition in AuÕCoÕAu
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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 0.05mB per Co atom.
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An important topic in thin-film magnetism research is t
influence of the reduced dimensionality on the magne
properties. This is of interest both from a fundamental
well as from a technological point of view. With decreasi
layer thickness interesting magnetic effects are often
served. One prominent example is the spin reorientation t
sition ~SRT! in ultrathin Co films of a few monolayers, sand
wiched between transition metal films like Au.1–4 Here the
easy axis of Co magnetization changes from in plane to
of plane when the thickness of the Co layer is decreased
fixed temperature or when the temperature is decreased
fixed thickness.5,6 This can be attributed to the different d
pendence in the magnetic anisotropy constants for Co at
in the bulk and at the interface. From a microscopic point
view it is suggested that the symmetry breaking of the lo
environment of magnetic atoms at interfaces should be
sponsible for the observed effects. In particular an anisotr
in the magnetic orbital moments is expected.7

With x-ray magnetic circular dichroism~XMCD! spec-
troscopy it is possible to separate and determine the spin
orbital magnetic moments in 3d transition metals by apply
ing the magneto-optical sum rules.8 By means of XMCD
measurements at the CoL2,3 edges of Au/Co/Au layers, i
was shown in Refs. 9–11 that an asymmetry of the in-pl
and out-of-plane orbital moments develops with decreas
Co thickness. In Ref. 9, the Au cap thickness was held c
stant around 1.8 nm and the Co thickness varied. Howeve
is also known fromin situ polar magneto-optical Kerr effec
~MOKE!,12–14in situ torsion magnetometry,15 and relativistic
spin-polarized local spin density calculations16 that the thick-
ness of the cap also influences the magnetic surface an
ropy in Au/Co/Au sandwiches. Here we report on the infl
ence of the thickness of the Au cap on the Co magnetiza
in epitaxial Au/Co/Au sandwiches and present, in particu
results obtained by XMCD magnetometry.

The thickness of the Co layer was chosen so that
temperature-driven reorientation of the magnetization fr
in plane to out of plane occurs as the temperature is lowe
below room temperature.5,6 A staircase sample with four dif
ferent thicknesses of the capping layer was prepared
e-beam evaporation in an ultrahigh-vacuum chamber~base
pressure,3310210 mbar) at the Hahn-Meitner Institute
0163-1829/2002/66~17!/172401~4!/$20.00 66 1724
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Using a (112̄0) sapphire single-crystal substrate (16 m
339 mm), a 15-nm W~110! bcc layer was first evaporated
followed by a 5.0-nm Au~111! fcc layer. The subsequentl
evaporated Co layer was 1.9 nm thick, with a~0001! hcp
structure. On top, a staircase of 1.0 nm, 1.3 nm, 1.7 nm,
2.0 nm Au was evaporated in terraces with a width of 9
mm. All deposition rates were controlled during growth u
ing a calibrated quartz microbalance. The chemical com
sition, cleanliness, and occurrence of epitaxial growth w
controlled,in situ, by means of Auger electron spectrosco
~AES! and low-electron energy diffraction~LEED!, respec-
tively. For more details, see Refs. 5 and 6.

The x-ray absorption and XMCD spectroscopy measu
ments were performed at the undulator beamline 5.2 at
Stanford Synchrotron Radiation Laboratory~SSRL!, using a
specially tailored UHV chamber.17 This setup is optimally
suited for vector magnetometry since both the sample
magnetizing coils rotate independently. The helicity of the
rays was fixed during the experiments. All spectra were
corded in the remanent state. The XMCD signal was
tained by switching the magnetization direction either par
lel or antiparallel to the photon spin. This was done in t
in-plane or out-of-plane direction of the sample using pul
of 170 Oe. This applied field is an order of magnitude larg
than the in-plane coercive field of the sample. As in ear
studies, the in-plane remanent magnetization lies along
substrate W@1–10# directions.5 The spectra presented he
were recorded using the photocurrent from the sample.
multaneously, total electron yield measurements were do
using a channel plate detector. This latter method was fo
to produce identical results. The undulator supplies nea
100% circularly polarized light. The beamline optics delive
a spot size of about 1 mm on the sample, well below the s
of the terraces defined by the regions of different cap thi
nesses. For the evaluation of the spectra a well-establis
procedure described elsewhere was used, yielding result
a per atom basis.18 The spectra have been corrected for sa
ration effects in the photocurrent, which become pronoun
at small incidence angles according to the procedure
scribed in Ref. 19. An effective electron escape depth of
nm was assumed as determined from these investigatio19
©2002 The American Physical Society01-1
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The Co signal-to-background or high-energy continuum e
jump ratio was found to be 0.19 in the case of the 2-nm
and 0.38 in the case of the 1-nm Au cap. These values
sufficiently large to allow for an analysis of the dichro
signal as presented earlier.18–20

Magnetometry was performed at room temperature for
four sample regions by taking XMCD spectra at five diffe
ent x-ray incidence anglesQ. Here Q denotes the angle
between incident beam and sample surface. The magn
field was in all cases applied in plane except for the 9
measurements, where it was applied parallel to the sam
normal, i.e., out of plane. The XMCD intensity is propo
tional to k• M wherek is the propagation vector of the ligh
andM the direction of the magnetization in the sample. W
take the XMCD difference at theL3 peak maximum as a
measure of the projection of the Co layer magnetizat
along thek vector. For example, at normal x-ray incidenc
one can evaluate whether any remanent component is p
ing out of plane. At grazing incidence one measures the
plane components of the remanence. For a magnetic m
odomain, a cosine angular dependence is expected
indicated by the scalar product given above.

We examined the magnitude of the XMCD difference
the L3 peak maximum as a function of the incident x-r
angle. In Fig. 1 we show the recorded intensity at the ma
ity and minorityL3 peaks, respectively, as a function of th
cosine of the x-ray incidence angleQ. Data for both 1-nm
and 2-nm Au caps are presented. The corresponding spe

FIG. 1. Angular dependence of the CoL3 peak heights for two
different cap layer thicknesses on a 1.9-nm Co film grown on
Values are plotted vs the cosine of the x-ray angle of incidenceQ.
The data are corrected for saturation effects in the secondary c
nel at small x-ray incidence angles.
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normalized to yield a signal on a per-atom basis, are sho
in Fig. 2.

The data of both Figs. 1 and 2 indicate a qualitative
different magnetic behavior of the Co layer depending on
thickness of the Au cap. In the region with the 2-nm Au c
there is no visible XMCD signal at theL3 peaks at normal
x-ray incidence and maximum XMCD difference at grazi
incidence. For angles in between, the intensities varies
early ~Fig. 1!. This dependence is expected in case of a co
plete in-plane magnetization,19 having no out-of-plane com
ponent. On the other hand, in the region capped with 1
Au a XMCD difference was detected at grazing(8°) aswell
as at normal incidence (90°)~Figs. 1 and 2!. However, the
difference at grazing and normal incidence was not as big
for the 2-nm Au cap at grazing incidence~Fig. 2!, indicating
a reduced remanent magnetic contribution at each of th
directions. Interestingly a nearly vanishing splitting at inte
mediate angles is found in the case of the remanent ma
tization for the 1-nm Au cap when the field is applied
plane. A possible interpretation can be based on the spl
into magnetic domains. A model based on a state of coex
ing phases has also been proposed recently for the sy
Co/Au~111!.21 A detailed discussion of these models in co
nection to a detailed analysis of the XMCD angular dep
dence goes beyond the scope of the present communica
The important finding is that in the thin Au cap case, bo
in-plane and out-of-plane magnetization components do e
in the remanent state. An intermediate situation is obser
for the regions with 1.3-nm and 1.7-nm Au caps. For bo
these regions a nonvanishing magnetization component
observed also at normal x-ray incidence, indicating that

.

n-

FIG. 2. Measured x-ray absorption spectra for the Co la
capped with 1.0 nm and 2.0 nm Au at normal and grazing x-
incidence. The spectra have been corrected for saturation effec
1-2
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the remanent state the resulting magnetization vector ha
out-of-plane component.

By cooling the sample close to liquid nitrogen tempe
ture and probing the XMCD response in an identical man
to what has been discussed above for room temperatur
was checked that all sample regions showed a out-of-p
magnetization with no significant in-plane XMCD signa
The XMCD difference at theL3 lines for the out-of-plane
magnetization was within experimental error of the sa
size for all regions. Thus, all regions showed the expec
temperature-driven SRT. Indeed, a smooth and revers
temperature-driven SRT is found for the region with t
2-nm Au cap, as we reported elsewhere.20 These last obser
vations confirm the intrinsic character of our findings and
high quality of the samples. During the measurements
also checked, using x-ray absorption~oxygen and carbonK
edges!, that no sizable amounts of oxygen and carbon im
rities could be detected in the sample. In addition,
checked that the Co signal-to-background ratio at the h
energy continuum~Co edge jump ratio! decreased in an ex
ponential manner as a function of the Au cap thickness, w
an effective electron escape depth of about 1.7 nm. As m
tioned above, this value is in agreement with the satura
correction procedure.19 All these findings are compatibl
with epitaxial, high-quality, smooth layers of Au and Co
high purity. They indicate that the observed cap depende
of the magnetic properties is of an intrinsic character for
SRT in the Au/Co/Au system.

In a second step in the analysis of the XMCD spectra,
spin momentsMS and orbital momentsML of the different
regions were quantified by using the magneto-optical s
rules8 as presented earlier in the case of thin Co films.18,19

The number of occupiedd states was set to 7.5. Since w
probe the remanent state, we also correct the data for the
that the magnetization is reduced compared to the mag
cally saturated state, as determined from the element spe
hysteresis loops. For the latter experiment experiment
beam energy was fixed at the energy of the CoL3 peak and
the intensity of the reflected specular beam~angle of incident
light equals angle of reflected light! was recorded with a
diode while changing the magnitude of the in-plane appl
magnetic field. Given the fact that we do not systematica
measure the XMCD response in both the easy and hard m
netic directions, we use data from the literature for the di
lar correction in the sum rules.9,11 This approach is justified
as the above-mentioned data where obtained from meas
ments performed for the same system~Au/Co/Au! for a
thickness of the Au cap corresponding to our 2.0-nm c
The transferability of the dipolar correction term for the ca
of the thick Au cap is justified given~i! the magnetic re-
sponse reported in the literature for similar systems and~ii !
the corresponding orientation of the magnetization and
temperature dependence.9,11An analysis of the present set o
data in terms of spin and orbital moments on a per-at
basis allows us to gain further insight into the orbital m
ment anisotropy related with the local environment of the
atoms. The orbital moment anisotropy as is now discus
appears directly linked with the occurrence of the SRT
served here. As we observe experimentally, a change in
17240
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Au cap thickness can also induce a reorientation of the
magnetization. Any deviation from the expected values
the spin and orbital moments, in conjunction to theory, in
cates how the electronic state of the Co layer is modifi
The application of the sum rules yields a constant spin m
ment of 1.7(2)mB per Co atom, independent of the Au lay
thickness. The total error in the spin moment determinat
is 0.2mB per Co atom, while the relative error is only in th
order of 5%. For the orbital moment an increase of 20%
observed with decreasing Au cap thickness, as shown in
3. To our knowledge this is the first time such an observat
has been made. Previous results on cap-induced effect
epitaxial films have been reported, but were limited to t
overall magnetization and the Curie temperature.22 Our
present observations clearly link the out-of-plane magnet
tion to the variation in the orbital moment anisotropy, as o
would expect based on general arguments.7 The data of Fig.
3 show that in the case of the 1.0-nm Au cap, two disti
points are obtained corresponding to the in-plane~lower
value! and out-of-plane~higher value! responses, respec
tively. These values are, however, still close to the exp
mental error. For the intermediate cap thicknesses both a
and out-of-plane magnetic response was observed in
XMCD data.

The variation of the orbital moment that occurs betwee

FIG. 3. The orbital moment per Co atom is given as derived
applying the XMCD sum rules. The spin moment was found to
constant, 1.7~2! Bohr magnetons (mB) per Co atom, for all sample
regions. The given error bars are relative. They include uncert
ties in the relative area determination, but do not include limitatio
due to the fact that the sum rules are based on a simplified ato
model. An absolute error in the order of 20% is appropriate.
1-3
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nm and 2 nm Au cap thickness is in the same range as
variation reported earlier at constant Au cap thickness
with variable Co layer thickness.9,11 A variation from about
0.08mB to 0.14mB per Co atom was reported as the Co thic
ness is varied for the in-plane orientation~hard axis! for a
Au/Co/Au staircase sample between 4 and 11 Co a
layers.9,11 The corresponding out-of-plane values~easy axis!
are 0.21–0.14.9,11 Here we obtain values from 0.130~7! to
0.182~10! by varying the Au cap thickness. This yields
variation of the orbital moment of about 0.05mB per Co
atom. All values of the orbital moment reported here are
the same numerical range as the ones reported earlie9,11

Following the treatment by Bruno,7 we obtain a spin-orbit
magnetic anisotropy energy of 1.2531024 eV per Co atom
using the same corrective constants as presented for
Co/Au earlier.9,11This energy is still larger than the spin-sp
dipole interaction of about 931025 eV per Co atom. The
data of Fig. 3 therefore explain, within this simple qualitati
model, the observation of out-of-plane components as the
cap thickness decreases.

A dependence of the orbital moment, in ultrathin Co la
ers, on the variation of the thickness of the cap layer in
order of a few monolayers has not been reported so far.
the other hand, it is well known that the anisotropy energy
and hence the transition from in-plane to out-of-pla
magnetization—can be influenced by evaporating a cap
the submonolayer range. As discussed previously, a non
form cap of the Co with Au can be excluded as an expla
tion to bring both findings in one picture. Uncapped Co e
hibits an in-plane orientation of the magnetization, whi
turns out of plane upon capping. The region with the th
Au cap should therefore show an out-of-plane orientat
rather than the layer with the thin cap. Furthermore, the
tensity ratio between Au and Co signals in the AES spe
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showed an exponential dependence on the cap layer th
ness. The same exponential attenuation was also found in
XMCD edge jump ratios. This indicates a uniform growth
the Au cap.

We expect that structural and electronic structure mod
cations may occur upon capping. Further crystallograp
experiments are necessary to link the results in Fig. 3
electronic structure effects originating in the modified sy
metry of the Co layer atoms upon capping. The precise st
of the functional dependence of the data in Fig. 3 allows
to discriminate interface from volume effects for the Co fil
as noticed earlier.9,11 Here, a nonlinear dilution law would
best describe our results, supporting a model where c
induced changes occur primarily close to the Co/Au int
face. A precise analysis goes beyond the scope of the pre
communication.

In conclusion, XMCD vector magnetometry provided ev
dence that the spin reorientation transition in epitaxia
grown Au/Co/Au thin film layers depends on the thickness
the Au cap. Whereas a 1.9-nm-thick Co film with 2-nm A
cap exhibited the expected pure in-plane orientation of m
netization at room temperature, Co films of the same thi
ness but with thinner Au caps showed a significant out-
plane component in the remanent state. These findings w
linked to the observation of a cap-induced variation in t
orbital moment anisotropy of Co. We observed an enhan
ment of the Co orbital moment from 0.13mB per atom for a
2-nm Au cap to 0.18mB for a 1-nm Au cap.
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