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Influence of Au and Cu overlayers on the magnetic structure of Co films on W„110…

Thomas Duden and Ernst Bauer
Department of Physics and Astronomy, Arizona State University, Tempe, Arizona 85287-1504

~Received 1 July 1998!

The dependence of the angular distribution of the magnetization in ultrathin epitaxial Co layers upon the
thickness of Au and Cu overlayers is studiedin situ by spin-polarized low-energy electron microscopy in the
thickness range from 0 to 3 monolayers. Only Cu overlayers cause a peak in the coverage dependence of the
perpendicular magnetic anisotropy at 1.5 ML coverage. The relation between the nanostructure of the over-
layers and the anisotropy is discussed.@S0163-1829~99!01501-5#
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I. INTRODUCTION

Ultrathin magnetic layer systems with perpendicular m
netic anisotropy~MA ! are currently the subject of intensiv
investigation because of their interesting physics and t
application in magnetic storage media and in giant mag
toresistance sensors. Recent work has shown that very
coverages of nonmagnetic materials on top of a magn
layer can have a strong effect on the direction of the mag
tization M , as illustrated most dramatically by the 90° i
plane rotation ofM induced by 0.03 ML Cu on a 7 ML thick
Co film on a stepped Cu~001! surface.1 That the magnetic
properties of ultrathin films can be modified by very th
nonmagnetic overlayers has been known for some tim2–4

but only recently it was discovered that they do not chan
monotonically with overlayer thickness. Polar Kerr effe
hysteresis loop studies of ultrathin Co films on Pd~111!,
Au~111!, and Cu~111! substrates showed that deposition
Pd, Cu, Ag or Au lead to a peak in the magnetic anisotro
~MA ! just below one monolayer coverage.5–8 Cu had the
most pronounced effect followed by Au, Ag, and Pd. Refle
tion high-energy electron diffraction7 and low-energy elec-
tron diffraction ~LEED! I (V) measurements9 were used to
exclude strain-induced magnetoelastic effects as a pos
cause. In other polar Kerr effect hysteresis loop studies of
layers on Au~111! substrates10,11the MA peaks caused by Au
and Cu overlayers were observed at 1 and 1.5 ML, resp
tively, while the value at 1 ML Pd was only slightly abov
the asymptotic values for thick overlayers. Torsion oscil
tion magnetometry of Ag and Pd overlayers on Co films
W~110! gave a monotonic change of the anisotropy field a
of the second- and fourth-order surface anisotropies der
from it, while Ag produced an extremum of these quantit
at 1 ML Ag,12 and Au overlayers caused an extremu
around 0.6–0.7 ML, depending upon the deposition mod13

A comparison of the numbers shows that there are consi
able differences between the results obtained by diffe
groups.

All these results were obtained by macroscopic, tha
laterally averaging methods, in external fields. Recent w
has shown14 that the application of an external field tran
forms the magnetic microstructure into a metastable sin
domain state which cannot be changed into the virginl
state by demagnetization but only by heating. Overlay
generally do not grow monolayer-by-monolayer but cons
PRB 590163-1829/99/59~1!/468~6!/$15.00
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of regions differing in thickness by as many as three or m
monolayers—depending upon thickness—whose individ
contributions to the MA cannot be extracted due to the
eral averaging. Clearly, for a basic understanding of the n
monotonic change of the MA with overlayer coverage
method is needed which does not require the application
external fields and which allows to determine the magnet
tion and thickness distribution in the film with high later
resolution. Such a method is spin-polarized low-ene
electron microscopy15 ~SPLEEM! with polarization
manipulation.16 It combines magnetic and various top
graphic contrast modes which are sensitive to monato
steps and thickness differences on an atomic level with st
tural information provided by LEED. This allows detaile
monitoring of the film growth with a lateral resolution o
10–20 nm as well as the determination of the angular m
netization distribution with a lateral resolution of 20–50 nm
Co layers on W~110! have a strong in-plane anisotropy wit
a @1-10# easy axis and a perpendicular magnetization co
ponent which causes a magnetization wrinkle, that is a s
tially fluctuating canting of the magnetization direction o
of the film plane.17 Any increase of the perpendicular aniso
ropy caused by a nonmagnetic overlayer should tilt the m
netization direction more away from the film plane. Magn
tization tilt angle variations due to local overlayer thickne
variations will cause corresponding signal variations in
SPLEEM image. This fact is used in the present work
study the dependence of the tilt angle on the thickness
size of regions of constant thickness and to determine
influence of thickness variations on the average tilt angle

II. EXPERIMENTAL

The experiments were performed in the original LEE
instrument described in Ref. 18 in which the field emissi
illumination system was replaced by a spin-polarized illum
nation system with polarization manipulation.19 An electro-
static objective lens and large Helmholtz coils provide ze
magnetic field conditions at the specimen. Imaging in a m
netic field perpendicular to the surface is, in principle, a
possible, but fields parallel to the surface cannot be app
during imaging. The base pressure of the instrument w
2310210 Torr. During the depositions the pressure stay
in the 10210 Torr range and was typically abou
6310210 Torr. The W~110! crystal could be heated from th
468 ©1999 The American Physical Society
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backside by radiation up to 500 K and by electron bomba
ment up to 2000 K. It was precleaned by heating for seve
hours in the low 1026 Torr range in oxygen and flashing o
the oxygen layer in UHV. Between experiments it w
cleaned regularly by annealing at approximately 1400 K
531027 Torr oxygen for 30 min, followed by flashing to
2000 K in UHV. Criteria for a clean surface were~i! the
absence of W carbide segregation at surface imperfect
upon annealing at about 1300 K and~ii ! step-flow growth of
the first Co monolayer during deposition at 750 K. Th
growth pattern is very sensitive to surface contamination
segregated or adsorbed impurities which cause pinning o
growth fronts and nucleation on the terraces.

The first monolayer is, therefore, deposited at 750 K. I
filled in two steps: initially a pseudomorphic~ps! monolayer
is formed in which close-packed~cp! islands nucleate and
grow until the cp monolayer is completed. The completion
the ps and the cp monolayer provides a precise rate cal
tion before every experiment. After completion of the
monolayer the sample is allowed to cool to 400 K whi
takes about 5 min and the deposition is continued to
desired thickness~3–8 ML! at 400 K. At this temperature th
mobility is high enough and the two-dimensional nucleat
rate low enough so that large terraces~about 300
3300 nm2) form which show a pronounced thicknes
dependent quantum size contrast. This allows the correla
between local magnetization direction and Co film thickne
Once the desired Co film thickness was reached Au or
was deposited in doses of 1/8 ML to a total thickness o
ML. In the Au overlayer experiments the dependence of
M distribution upon the Co thickness temperature was s
ied. The Au overlayers were deposited at about 400 K in
experiments shown here. In the Cu overlayer experime
the influence of the morphology of the Cu film on theM
distribution for Co films of constant thickness~5 ML! was
studied. The morphology of the Cu overlayers was chan
by preparing them at four different temperatures:~i! close to
room temperature in order to decrease mobility and incre
nucleation density and~ii ! at about 355, 365, and 430 K i
order to obtain large terraces and optimum filling of the fi
overlayer before considerable nucleation and growth
curred in the subsequent overlayer levels. The Au and
deposition rates were also calibrated by LEEM before the
deposition by the time needed to form 1 ML. Typical rat
were 1/8 ML/min for both materials.

The images were acquired from the final screen usin
CCD camera. For each magnetic image two images resu
from the average of 64 consecutive video frames were ta
and stored on disk. Between each single image the pola
tion vector of the incident beam was inverted by switchi
the laser helicity of the cathode illumination with a pocke
cell. The magnetic signal component was subsequently
tained by performing a normalized subtraction using the f
mula

A512711003K3~ I 12I 2!/~ I 11I 2!, ~1!

where A is the normalized asymmetry,K is a contrast en-
hancement factor ranging from 7 to 15 andI 1 ,I 2 are the
intensities of the images with opposite spin polarization.
order to reduce noise—which is necessary for a quantita
determination of theM distribution—the asymmetry image
-
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were low-pass filtered by averaging nonrecursively o
333 pixel patches. The average of each patch is store
the central pixel of the processed image.

III. RESULTS

A. Au overlayers

Figure 1 shows two typical SPLEEM image pairs from
6 ML thick Co layer, one before Au deposition~a,b! the
other after deposition of 1.5 ML Au~c,d!, taken with the
polarizationP of the incident beam parallel to the easy i
plane component ofM ~a,c! and to the film normal~b,d!. The
larger contrast in~d! clearly shows that~a! M is tilted more
out of the surface plane and~b! the domain size and shap
does not change with Au coverage. The distribution of
two grey levels in the bright domain in~c! suggests that the
Au layer grows in large double layer islands, a suggest
which is supported by the evolution of the darker regio
with Au coverage~not shown!. The evolution of the angula
M distribution with increasing Au coverage was comput
from the low-pass filteredM component images taken wit
P i W@1-10# @Figs. 1~a!, 1~c!, A0# and P i W@110# @Figs.
1~b!, 1~d!, A'# because no magnetic contrast occurs w
P i W@001# due to the large in-plane anisotropy with th
easy axis in the W@1-10# direction. It is then straightforward
to compute the tilt angle pixelwise using the formula

a5127/~p/2!3arctan$~A02127!/~A'2127!%. ~2!

The images obtained in this manner give the spatially
solved distribution of the angles betweenM and the speci-
men surface. The histograms taken from these angulaM
maps are shown in Fig. 2 for two different Co film thick
nesses. The bottom curve is from the uncovered Co film
presents the magnetization wrinkle described in Ref.
With increasing Au coverage the maxima of theM distribu-
tion shift to larger angles and become less pronounced.
maxima of theM distributions were determined more pr
cisely by fitting the curves shown in Fig. 2 with Gaussians
is evident that two Gaussians are insufficient. For the m

FIG. 1. Magnetic images acquired in the in-plane~a,c! and out-
of-plane~b,d! direction. Energy 1.2 eV, field of view'7 mm diam-
eter.K57 ~a!, 15 ~b!, 8 ~c!, 10 ~d!.



ms was

470 PRB 59THOMAS DUDEN AND ERNST BAUER
FIG. 2. Histograms taken from the angular distribution maps for different Au coverages. The slight asymmetry in these diagra
caused by a misalignment of the polarization manipulator which was corrected lateron.
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eling of the background noise, one or two additional broa
Gaussians centered at or near zero were used which are
cally smaller by a factor of 2–3. The angle positions of t
strongest Gaussians obtained in this fit are plotted in Fig
for all Co film thicknesses studied. All data except those
seven and eight monolayers have been reproduced at
once. It is apparent that there is no peak at 1 ML but onl
slight decrease of the tilt angle in films thicker than 2 ML
which appears to be systematic in spite of the large error
At no Co thickness and Au coverage is complete perpend
lar magnetization reached.

B. Cu overlayers

The influence of Cu overlayers was studied only for o
Co film thickness~5 ML!, both for films on W~110! and on 2
ML Cu on W~110!. In the case of Co on 2 ML Cu/W~110!
no out-of-plane component of the magnetization was fou
neither in the uncovered Co film nor at any Cu overlay
thickness. The deposition of Cu on Co/W~110!, however,
caused strong changes of the angular distribution ofM . Fig-

FIG. 3. Positions of the strongest Gaussians compiled from
Au overlayer experiments as a function of Au coverage. Each gr
represents all values obtained from one~7,8 ML! or two ~3–6 ML!
experiments.
r
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ure 4, in which the experimental data are compiled using
data analysis procedure described above, shows pronou
peaks of the positions of the strongest Gaussians. The
curves were obtained using the specimen temperatures
the growth of the Co film and of the overlayer shown in t
diagram. The shape of the curves as well as the positio
the maximum depends clearly on the growth temperatu
The topographic images show the influence of the deposi
temperature on the growth of the Cu overlayer~Fig. 5!. At all
temperatures studied, Cu growth started with the format
of a first monolayer which grows to approximate completi
before the next level becomes visible. This next layer le
approached completion after approximately twoadditional
monolayers had been deposited, thus leading to the con
sion that second and third layer level grow simultaneously
double layer islands. Due to the higher Cu mobility at
evated specimen temperatures fewer islands with larger
tension form in both the first monolayer and the subsequ

ll
h FIG. 4. Positions of the strongest Gaussians as a function o
coverage of 5 ML Co on W~110! at four different deposition tem-
peratures.
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double layer as illustrated in Fig. 5. The higher temperatu
also lead to a more perfect filling of the first monolayer.

The large islands obtained at elevated growth temp
tures allow a layer-level specific evaluation of the angu
magnetization distribution, thus enabling a more detai
study of how regions with different overlayer thickness co
tribute to theM tilt. Figure 6 shows the evolution of the til
distribution in the different regions during the 365 K dep
sition. The open triangles represent the tilt in the regio
without Cu coverage, the solid spheres give the tilt in
regions covered with 1 ML Cu and the open squares sh
the data collected from the areas covered with 3 ML
~monolayer1double layer islands!. It is obvious that only
regions with 1 ML Cu coverage contribute to the extrem
tilt of the magnetization whereas the tilt directions in t
other areas remain unchanged within the limits of error.

The clear correlation between layer levels and tilt an
distribution explains the shape of the overall peak posit
curve in Fig. 4: At first, 1 ML thick Cu islands grow at th

FIG. 5. Topographic images of 1.5 ML Cu grown on 5 ML C
on W~110! at different temperatures,E51.4 eV, field of view'7
37 mm2. The temperature at which the last Co layer and the
layers were deposited is shown.

FIG. 6. Local overlayer thickness-dependent evaluation of
magnetization tilt angle for the 365 K deposition of Cu on 5 ML C
on W~110!.
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expense of the uncovered regions causing the overall
crease of the tilt angle. Saturation is reached when the
monolayer level is dominating. The double-layer islands
the second and third overlayer levels begin to grow while
residual uncovered regions vanish. When the double la
islands start to grow at the expense of the 1 ML level,
splitting decreases rapidly and converges to its final valu
3 complete ML’s. The largest tilts are obtained durin
growth near room temperature~Fig. 4!. Apparently, other
factors in addition to hybridization in the first monolaye
such as particle size-dependent strain play a role too.
fine grained structure of the Cu islands~Fig. 5! does, how-
ever, not allow the analysis carried out for the lower te
peratures. Only for Cu coverages above 1.5 ML is a disti
tion between the 011 ML levels and the 3 ML level possible
in this case, but the clear correlation between layer levels
tilt angle is lost.

IV. DISCUSSION

In the Au/Co/W~110! experiments the magnetization ti
develops nearly monotonically and approaches its final va
at about 2 ML Au with no apparent peak. The double-lay
growth indicated by the quantum size contrast in Fig. 1~c!
and supported by theoretical considerations20 is a straightfor-
ward explanation of the absence of a peak at lower Au c
erages. The observation of a peak at 0.6–0.7 ML,13 slightly
below 1 ML,7,8 or at 1 ML ~Refs. 10, 11! in earlier studies in
which the films were grown at lower temperatures wou
then imply initial monolayer growth up to 0.6–0.7 ML or u
to about 1 ML at the lower growth temperatures. Fir
principles calculations for a pseudomorphic Co ML o
Au~111! ~Ref. 21! give also a peak at 1 ML Au. The elec
tronic structure of this loosely packed Co ML is certain
very different from that of the close-packed Co layer stud
in the experiments—the packing ratio is 0.75:1—so that i
difficult to compare theory and experiment.

The layer level-resolved analysis of the Cu/Co/W~110!
images clearly establish a correlation between the maxim
magnetization tilt angle regions and the 1 ML Cu level at t
higher growth temperatures. This is in qualitative agreem
with first-principles calculations for a pseudomorphic Co M
on Cu~111! which predicts a switch from the in-plane aniso
ropy of the uncovered Co ML to perpendicular anisotro
only for a 1 ML thick Cu overlayer while 2 ML Cu produce
a slight in-plane anisotropy again.22 At deposition tempera-
tures closer to RT, however, the maximum tilt ofM occurs at
higher Cu coverages~1.5 ML! indicating a delayed comple
tion of the 1 ML Cu level combined with an increase of th
overall anisotropy probably caused by strain exerted by
double-layer islands. This conjecture is supported by a v
recent study of the early stages of growth of Cu on
~0001! surface of bulk Co at room temperature by scann
tunneling microscopy and LEED.23 At 1.25 ML Cu the first
ML covered 60% and the second ML 30% of the surfa
while 5% were still uncovered and the other 5% was oc
pied by three-dimensional crystals. The LEED results of t
work show that above 1.25 ML the Cu layer induc
stacking-faulted regions in the top Co layer which exte
over the complete surface at 2.7 ML Cu. This structural
arrangement in the topmost Co layer is a possible caus
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472 PRB 59THOMAS DUDEN AND ERNST BAUER
the decrease of the perpendicular anisotropy beyond
peak.

The tilt anglea512u is determined by the minimum o
the total energyE(u) which in the absence of an extern
field gives17

sin2 u5
2pMs

22K1b2K1s /t

2K2b12K2s /t
. ~3!

HereMs is the saturation magnetization and theKik are the
second- (i 51) and fourth- (i 52) order anisotropy coeffi-
cients which are proportional to the thickness~‘‘bulk’’
anisotropies,k5b) or are independent oft ~‘‘surface’’
anisotropies,k5s). At fixed t, Ms , K1b , andK2b may be
assumed to be independent of overlayer coverage, at lea
it does not introduce a significant amount of strain. Then
changes of the tilt angle with overlayer coverage must
caused by changes ofK1s and/orK2s . The striking increase
of a ~decrease ofu! caused by 1 ML Cu~Fig. 6! and its
decrease at 3 ML Cu to its value at the uncovered surf
may then be attributed to the hybridization between Co
Cu electrons in the wetting monolayer and the subsequ
dehybridization once the Cu layer develops the bulk el
tronic structure. This is a very general phenomenon
strongly interacting film systems as illustrated, for examp
by the system Co/W~110! ~Ref. 24! and reviewed recently.25

The same explanation is suggested for the absence of a
of the tilt angle in the present Au/Co study at elevated de
sition temperatures at which a double layer forms initially
contrast to the monolayer growth in earlier work at roo
temperature in which a peak was observed. The depend
of the tilt angle upon the thicknesst of the Co layer~Fig. 3!
follows immediately from Eq.~3!, with correspondingly
larger K1s ,K2s values than in the case of uncovered C
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layers.17 The temperature dependence of the tilt angle~Fig.
4! is mainly due to structural differences but a temperat
dependence of the anisotropy coefficients as in Co
layers,26 for example, cannot be excluded.

Both overlayer experiments and the comparison with p
vious overlayer studies clearly show the strong influence
the nanostructure of the overlayers on their magnetic pr
erties. They suggest that the appearance of a peak in
perpendicular magnetic anisotropy depends upon the st
ture of the overlayer and that the differences between dif
ent studies are due to differences in the growth mode wh
depends strongly upon the deposition conditions. The pre
study does not support, however, the recent suggestion26 that
Au overlayers cause a drastic smoothing of the Co free
face and an increase of the magnetic domain size.

V. CONCLUSIONS

It is evident that the deposition conditions are of cruc
importance for the evolution of the magnetic structure of th
ferromagnetic films with the thickness of nonmagnetic ov
layers. So far, only SPLEEM allows us to investigate t
correlation between structure and magnetism as illustrate
this article. The discrepancies between published result
the influence of overlayers are easily explained by the h
sensitivity of the structure of the overlayer to the deposit
temperature and by the averaging over several layer leve
all past experiments which lack the lateral resolution nec
sary for an unambiguous connection between overla
thickness andM orientation.
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