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Magnetic anisotropy of ultrathin cobalt films on Pt„111… investigated with x-ray
diffraction: Effect of atomic mixing at the interface
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With standard and resonant x-ray magnetic diffraction we investigate the magnetic properties of Pt atoms in
a Co/Pt~111! system. It is shown, that, depending on the thickness of the Co films, the magnetic anisotropy as
monitored by the Pt magnetism changes from perpendicular to parallel, mimicking the behavior of the Co
overlayer. Adsorption of carbon monoxide on very thin films has been found to change the easy magnetization
axis. Moreover, the critical film thickness for the flipping of the easy direction of magnetization depends
markedly on the growth temperature even in the vicinities of 300 K, where bulk alloying does not occur. A
brief annealing to;375 K of a parallel Co film suffices to reverse its easy direction to perpendicular. By
analyzing the magnetic crystal truncation rods of the Pt surface, it is concluded that the change of anisotropy
is due to site exchange between interfacial Co and Pt atoms. The site exchange which affects up to 4% of the
interface atoms has been related to previous scanning tunneling microscopy findings on the same system.
Comparison of magneto-optical and x-ray magnetic diffraction measurements on the same film show that the
responses to the externally applied field are not identical. A possible explanation is suggested.
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I. INTRODUCTION

Multilayer and thin alloy films based on Co and Pt ha
attracted a large research effort in the last decade due to
technological importance in magneto-optic recording ap
cations. Important aspects include the perpendicular an
ropy of very thin films and large Kerr rotations.1–5 A large
number of experimental and theoretical studies investiga
the structural and electronic properties of Co/Pt interface
order to obtain insight into the origin of the magnetic pro
erties. Well-established experimental facts include that
magnetic anisotropy in Co/Pt systems flips from perpend
lar to parallel when the thickness of the Co films reaches;1
nm; that interface Pt atoms, polarized by Co atoms at th
vicinity, contribute to the perpendicular anisotropy; and th
alloying also enhances the perpendicular anisotropy.6,7

However, in spite of the large research effort, much of
observed magnetic behavior remains unexplained, includ
a detailed understanding of the magnetic anisotropy and
change from perpendicular to in plane. The reason for
surely arises from the large sensitivity of the magnetic
isotropy to structural, morphological, and chemical details
the interfaces, which is at the origin of a variety of expe
mental results due to a lack of complete and accurate con
of the fabrication parameters. A few examples inclu
growth-induced perpendicular anisotropy in thin alloy film
grown at 200–400 °C,8 the existence of two distinct mag
netic phases in multilayers prepared at 200 °C,9 and the sup-
pression of the perpendicular anisotropy by trace amount
contaminants.10

In this paper we present results for ultrathin Co film
grown on Pt~111!, investigated with x-ray diffraction both in
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eir
i-
t-

d
in
-
e
-

ir
t

e
g

its
is
-
t

-
ol

e

of

its standard form and also in resonant scattering, to sense
magnetism of the Pt atoms at the interface.11 Our goal is to
try to correlate structural properties at the interface with
magnetic anisotropy. The critical thickness for a flipping
the magnetization from perpendicular to parallel was fou
to depend markedly on the growth temperature. Also,
sorption of carbon monoxide on thin~;4 atomic layers! Co
films changes their anisotropy. We also report the finding t
a short annealing to about 100 °C changes the easy direc
of magnetization of the film. A crystallographic analysis
the magnetic crystal truncation rods reveals that this is du
an atomic exchange process at the interface between Co
Pt atoms. Finally, we compare and discuss the magnetic
sponse~magnetizations versus applied field intensity! of the
same surface as measured by the Kerr effect and by mag
diffraction.

In Sec. II the experimental details are given, including
short recapitulation of the basis of the resonant surface m
netic diffraction measurements. Section III deals with t
results, which are split into four subsections, and Secs.
and V contain a discussion and conclusions.

II. EXPERIMENT

The experiments were performed on the Surface Diffr
tion Beamline~ID3! at ESRF.12 The Pt crystal was of~111!
orientation, and miscut by less than 0.1°. It was prepared
standard methods resulting in surface mosaicities of 0.0
The Auger spectra could be recorded to control the clea
ness of the films. The crystal was described with hexago
basesA1 , A2 , andA3 $A1 andA2 are equal to the neares
neighbor surface distancea0 /&, andA3 is perpendicular to
the surface (A35)a0)%. In this way the reciprocal spac
©2002 The American Physical Society23-1
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axesH andK are in the surface plane, andL is perpendicular
to the surface plane. The photon energy was set to the PL III
atomic absorption edge~11.564 keV!. Magnetic measure
ments were performed by applying a magnetic field fro
21400 to 1400 G in the vertical direction parallel to th
surface of the crystal. The field was created by an elec
magnet located outside the vacuum chamber. The iron yo
of the electromagnet entered into the vacuum system by
flanges brazed to the iron yokes. Transverse magneto-op
measurements could be performed at the same time tha
x-ray-diffraction measurements by using two view po
symmetrically located around the surface normal definin
horizontal reflection plane. Cobalt deposits were done wit
water-cooled electron bombardment evaporator. Dur
evaporation the pressure was in the low 10210-mbar range.
The sample temperature was measured with a Pt resisto
cated in the vicinity of the Pt crystal.

We briefly recall the methodology of the measurements
the magnetic diffraction. Details may be found in Ref. 11

The asymmetry ratio defined asR(H,K,L)5(I↑
2I↓)/(I↑1I↓), whereI↑ ~↓! stands for the diffracted inten
sity at ~H,K,L! while applying a magnetic field to the samp
pointing along the vertical direction upward~downward!. In
addition toH, K, andL, the atomic coordinates of the atom
in the crystal and, the magnitude of the applied field,R de-
pends on a quantitynm ~negative with our sign convention!
which is roughly proportional to the magnetic moment of t
resonant Pt atoms. Moreover,R is nonzero only if the pro-
jection of the magnetization of the Pt atoms in the surfa
plane is nonzero, i.e.,R ‘‘senses’’ the parallel magnetizatio
of the Pt atoms.

III. RESULTS

A. Growth of Co on Pt„111…

The growth of Co on the Pt substrate was monitoredin
situ by measuring the temporal evolution of the diffract
intensity at~0, 0, 1.5!, as depicted in Fig. 1. The oscillation
of the intensity are characteristic of a layer-by layer grow

FIG. 1. Temporal evolution of the diffracted intensity
~0,0,1.5! during deposition of Co on Pt~111! at room temperature
The open circles are the experimental data points, and the con
ous curves are calculated for a perfect layer by layer growth and
an imperfect one~see the text!.
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Their damping and small amplitude indicates that the grow
is far from ideal. The dashed curve with large-amplitude
cillations is a calculation of a perfect layer-by-layer growt
Pronounced maxima occur at two, three, five, seven,
nine layers. The unequal amplitude of the oscillations ari
from the different diffusion factors of Co and Pt. Rough
speaking, the minimum at a coverage close to 1 is due to
cancellation of the scattering amplitude of the substrate@pro-
portional to 1

2 Z~Pt!539# with that of one layer of Co@an
amplitude proportional to2Z~Co!5227#. This is in con-
trast to homoepitaxial systems, where the maxima occu
coverages of 1, 2, 3... . The solid curve with small oscil
tions is a calculation based on a theoretical model by Co
et al.13 where the accumulation of imperfections in th
growth process is taken into account by a simple pheno
enological model.

The measured amplitudes of the oscillations~data points
in Fig. 1! depend on the growth temperature and also on
quality and preparation of the substrate. In different expe
ments with different crystals, we found intensities of the fi
maximum reaching 0.6. In the experiments described in
following, all the films were grown while monitoring the
specular intensity as in Fig. 1. The thickness was dedu
from the number of maxima and minima. As their preci
positions depend on the quality of the growth which var
with the deposition temperature, an uncertainty of610% in
the coverages has to be considered. The largely imper
layer-by-layer growth has been previously reported in
tailed scanning tunneling microscopy~STM! studies of the
same system.14,15

B. Perpendicular and parallel magnetization of the films

The change in magnitude of the asymmetry ratio, wh
the intensity of the magnetic field varies, allows one to o
tain information about the magnetic anisotropy of the s
face. The asymmetryR gives a measure of the magnetizatio
of the Pt atoms at the interface which is induced by the
overlayer. It is natural to assume that changes in the mag
tization of the Pt will be a consequence of changes in
magnetization of the overlayer. As the magnitude of the
dividual magnetic moments of the Pt atoms is not expec
to change when the external applied field is varied,
changes inR will be due to changes in the magnitude of th
projection of the magnetization of the Pt atoms in the dir
tion of the applied field~which lies in the surface plane in
our case!. Co films with a hard axis in the perpendicula
direction may result in low measured values ofR if the ex-
ternal field is not intense enough to rotate the magnetiza
toward the surface plane, whereas films with an easy axi
the plane will result in larger values ofR. Thus the depen-
denceR vs field for parallel films is expected to consist of
rapidly raising curve, reaching a saturation value for valu
of the field that are not too high~a few hundred G!. The data
points for five and nine atomic layers in Fig. 2 have th
expected behavior.

Conversely, for films with a perpendicular easy axis,R
will increase slowly when the field increases. In Fig. 2, t
data for the four layer film show this behavior: application
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MAGNETIC ANISOTROPY OF ULTRATHIN COBALT . . . PHYSICAL REVIEW B 65 054423
the maximum field intensity produces a value ofR equal to
only 0.17 times the value for a film of five or nine layer
which indicates that the magnetization rotates
a sin(0.17)>10° from the surface normal towards the su
face. Letting aside for a moment the data for the six-la
film, Figure 2 shows that the direction of the easy magn
zation flips from perpendicular to parallel when the thickne
changes from four to five atomic layers. However, in t
course of many experiments, it was realized that the crit
thickness was not always four layers but sometimes mor
slightly less depending on the growth temperature. The d
in Fig. 2 for four, five, and nine layers were taken from film
grown at 300 K. The data for the six-layer film are from
film grown slightly above room temperature~;340 K!. As
shown, the anisotropy is not parallel but perpendicular,
though less pronounced than that of the four-layer fil
grown at 300 K. This topic will be discussed in detail
Secs. III D and III E. Our results on the values of the critic
thickness are in good agreement with previously publis
literature.4,5,16

C. Effect of the adsorption of CO on the anisotropy of
the films

We found that the magnitude ofR for very thin films of
Co decreased with the time of exposure to the backgro
gas in the vacuum system. The rate was;0,531023 per
hour in an ambient pressure of 5310210 mbar while keeping
the sample at;200 K. We investigated in detail the effect o
carbon monoxide on the asymmetry ratio when applying
maximum field. The films were grown in all cases at te
peratures in the range 200–230 K, and the exposures to
were also done at these temperatures. The results are
marized in Fig. 3 which shows the variation ofR caused by
adsorption of CO on the cobalt surfaces. Before the expo
to the gas, the relatively high values ofR of (10– 12)
31023 indicate that the easy direction is parallel to the s
face in all cases. As depicted in Fig. 3, only very thin C
films ~3.2 and 4.0 layers! are affected by the CO exposur

FIG. 2. Asymmetry ratio measured at (H,K,L)5(1,0,2.85) vs
the intensity of the applied magnetic field for Co films of differe
thicknesses: four atomic layers~filled squares!, five layers~open
circles!, six layers~x!, and nine layers~filled diamonds!.
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The value ofR drops almost to zero with 1 L of exposure
the gas, which according to Ref. 17, would correspond t
coverage of around 0.4 ML. An exponential fit of the dec
results in R;exp(2L/0.23) ~L is the gas exposure in L!.
Conversely,R does not change upon gas exposure on films
larger thickness~5.0, 6.0, and 8.0 layers! as indicated in the
figure.

The effect of CO on the surface magnetism of ferroma
netic metals has been known for several years. In the cas
Ni, it is well established from experiments18 and theory19

that CO reduces the magnetic moment of the surface Ni
oms bound to the molecules. In addition, the hybridization
the 3d orbitals on Ni with antibonding orbitals of the CO i
sensitive to the direction of magnetization of the substrate
shown by circular magnetic dichroism experiments.20 CO
chemisorption has also been found to reverse the directio
easy direction of magnetization in Co/Cu~110!.21 In small Co
particles, it was found that CO adsorption reduces the p
ticles magnetization by quenching the magnetic momen
the outer atoms and leaving the inner atoms unaffected.22 In
line with previous literature, our results in Fig. 3 may eas
be interpreted. For very thin films which have a thickne
close to the critical thickness for magnetization flipping, t
adsorption of CO reduces the magnetic moment of the
atoms to which the gas molecules are bound. The magn
part of the Co film is basically reduced in one atomic lay
due to CO adsorption at saturation. The remaining magn
Co film has a thickness smaller than the critical thickne
and therefore exhibits a perpendicular easy axis of magn
zation and low values ofR. For thicker Co films~open sym-
bols in the figure! the quenching of the magnetism of th
topmost Co layer does not induce a change in the easy
rection of magnetization, since the films exceed the criti
thickness by one layer or more.

An interesting result is that for thin films~;4 layers!, a
gentle annealing to;290 K for a few seconds restores th
values ofR from the unexposed surface~probably due to CO
desorption, as shown in Ref. 17!, meaning that one can
change the magnetization of the Co film from perpendicu
to parallel in a controlled way.

FIG. 3. Variation ofR measured at (H,K,L)5(1,0,2.85) when
films of different thicknesses grown at low temperatures are
posed to CO. Filled symbols: 3.2 layers~downward triangles! and
4.0 layers~circles!. Open symbols: 5.0 layers~circles!, 6.0 layers
~squares!, and 8.0 layers~upward triangles!.
3-3
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O. ROBACHet al. PHYSICAL REVIEW B 65 054423
D. Effect of the temperature on the magnetization

1. Dependence of R on the surface temperature

In order to obtain further insight into the dependence
the critical thickness on the growth temperature, we inve
gated the effect of the temperature on the asymmetry r
for a film of 4.0 layers of Co. Figure 4 depicts the results
the experiment. The film was grown at 230 K, and then
surface temperature was lowered to 55 K. The data poin
230 K ~indicated with a vertical arrow! was taken immedi-
ately after growth. Upon cooling to 55 K,R decreased by
about 20% due to some contamination effect associate
the relatively long time required to reach that temperatu
From 55 K on, the temperature steadily increased wh
monitoringR. At 250 K an increase inR was observed, prob
ably due to the desorption of some contaminant, altho
this point was not investigated further. The important res
is that, at 300 K,R decreased noticeably and that at 320–3
K and above the values ofR were close to zero. Cooling did
not cause any recuperation of the value ofR ~white circles!.
The striking aspect of our result is the low-temperature va
at whichR vanishes. In other experiments where the heat
was done more rapidly than in the experiment of Fig. 4,
temperature at whichR dropped down almost to zero value
could reach 400 K.

An explanation that one could propose for the obser
drop inR is interface alloying. Co and Pt form several inte
face alloys, which display strong perpendicular anisotro
upon heating Co/Pt heterostructures, as previously repo
in the literature. However, the temperatures required to fo
the interfacial alloys are substantially higher than that
which the drop ofR occurred. Some reported values are 7
K,23 600 K,11 750,24 and 640 K.25 Interface alloy formation
may be monitored~among other ways! by a change in the
Auger spectra or in the position of the diffraction peaks fro
Pt and Co upon annealing. Figures 5~a! and 5~c! in show the
Pt and Co diffracted intensities at (H,0,0.5) ~note the loga-
rithmic scale! before and after the annealing. If significa
alloying occurred, the Co reflection atH521.09 would
have shifted towards the Pt reflection at21.0.11,25 No such

FIG. 4. Thermal evolution of the asymmetry ratio from a film
four layers of Co on Pt~111! deposited at low temperature, anneal
~filled symbols!, and subsequently cooled down~open symbols!.
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shift can be detected on Fig. 5 within our sensitivity which
331023 r.l.u. The amplitudes of the Pt and Co Auger spe
tra depicted in Figs 5~b! and 5~d! are identical within experi-
mental accuracy. Alloying would cause clear variations in
intensity of the low-energy Co peak, as previous
reported.24 The lack of observable changes indicates that
alloying takes place upon a mild annealing of the film,
extent has to be very small.

Figures 6~a! and 6~b! depicts the variation of the asym
metry ratioR @measured at~1,0,2.8!#, vs the field intensity
for a film of 6.0 layers deposited at 230 K and, after a br
annealing, at 370 K. The film at low temperature shows
characteristic R vs field behavior of a parallel magnetizati
whereas the annealed film shows that of a perpendic
magnetization. Figures 6~c! and 6~d! show the transverse

FIG. 5. ~a! Diffracted intensities from Pt and Co for a film of si
atomic layers of Co deposited at 230 K.~b! The corresponding
Auger spectrum.~c! Diffracted intensities after annealing to 370
for a few seconds.~d! Auger spectrum after annealing.

FIG. 6. ~a! Dependence ofR on the intensity of the applied
magnetic field for a film of six atomic layers deposited at 230 K.~b!
Same as~a! after a brief anneal of the film to 370 K.~c! Transverse
Kerr signal of the same film.~d! Same as~c! after the anneal.
3-4
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Kerr signals vs the field intensity in both cases. At the thic
ness we are considering, the Kerr signal is dominated by
magnetism of the Co atoms, since the contribution of
polarized Pt is only around 10%.3 The as-grown film dis-
plays a hysteresis loop, evidencing an in-plane magnetiza
of the Co film; however, the absence of hysteresis in F
6~d! is characteristic of perpendicular magnetization. Fr
the above experiments it is clear that the decrease inR upon
mild annealing is due to a flipping of the magnetization
the film from parallel to perpendicular.

2. Crystallographic studies

Several crystallographic data sets were collected to tr
find some structural difference between the parallel and
pendicular films previously mentioned. The crystal trunc
tion rods (1,0,L) and (0,1,L) from the Pt substrate wer
identical within experimental error. The specular rods w
almost identical. The small differences among them did
allow one to obtain any conclusions about structural diff
ences.~This point will be discussed in more detail below!
The Co rods at (0,1.09,L) were slightly different before and
after mild annealing. The annealing reduced the intensity
10–20 % depending on the values ofL. These changes are
however, too small to attempt a structural analysis. In c
trast, the magnetic crystal truncation rods of the Pt w
clearly different. Shown in Fig. 7 are the (0,1,L) magnetic
rods before~a! and after~b! the mild annealing~in both cases
the applied field had the maximum intensity!. As may be
seen betweenL52.5 and 4.5, the shapes of theR(L) curves
are clearly different. Let us first concentrate on the lo
temperature measurements@Fig. 7~a!#. A simple structural

FIG. 7. Magnetic (0,1,L) crystal truncation rod for a 6.0-layer
Co film. ~a! As deposited at 230 K.~b! After annealing to 375 K for
few seconds. The continuous curves are the fits to the data~see the
text!. Note the change of scale of the ordinate axis between~a! and
~b!.
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model was assumed in order to fit the data based in
following: ~1! As the Co grows with its own lattice spacing
which differs by;10% from that of the Pt~see Figs. 5~a!
and 5~c!!, Co atoms do not contribute to the diffracted inte
sity along the Pt rods and may be ignored.~2! The three
topmost atomic layers of the Pt crystal@layers 1, 2, and 3 in
Fig. 8~a!# were allowed to relax in the surface normal dire
tion. ~3! the magnetizations of the Pt atoms near the Co fi
were allowed to vary. The continuous curve in Fig. 7~a! is
the best fit obtained within the above hypotheses. The re
ations of layers 1, 2, and 3 were found to be 1.7%, 0.9%,
0.5%, respectively~in units of theA3 lattice parameter!. The
values of nm were 20.65 and20.10 for layers 1 and 2
respectively, as indicated in Fig. 8~a!. The uncertainties in
the above values ofnm were estimated to be 25% and 10
respectively. The results of the fit show that the relaxatio
of the Pt atoms are very small and that the magnetism of
Pt atoms is basically confined in the Pt layer in contact w
the Co film, since the next Pt plane@plane 2 in Fig. 8~a!# has
a magnetization reduced by a factor of 6.5. These res
agree with our previously published work.11

To fit the data in Fig. 7~b!, we assumed that the atom
relaxations of the Pt surface layers were unaffected by
mild annealing, and we introduced in the model the possi
ity of atomic exchange between Pt and Co atoms. The c
tinuous curve in Fig. 7~b! is a result of the fit. The atomic
exchange between Pt atoms in layer 1@see Fig. 8~b!# and the
first Co layer was found to be 461 % of an atomic layer. In
our previous work on Co/Pt~110!,26 intermixing at the inter-
face was also found for room-temperature growth.

The values ofnm were 22.060.5, 20.2560.03, and
20.0560.01, as depicted in Fig. 8~b!. The above values may
be compared with20.9 and20.8 obtained in bulk CoPt
alloys.11 As a rule of thumb,nm522.4 approximately cor-
responds to one Bohr magneton;11 thus the exchanged P
atoms on top of layer 1 in Fig. 8~b! have the relatively large
polarization of 0.860.2mB . This value seems somewhat to
high if compared with the usual magnitudes of the magne
moment of Pt in ferromagnetic alloys. It is unclear to us

FIG. 8. Schematic representation of the Co/Pt interface. W
circles represent Co atoms, black and gray circles are Pt atoms~a!
Abrupt interface corresponding to the film deposited at low te
perature. The values ofnm ~as obtained from the fit! of the Pt atoms
in the two topmost Pt layers~layers 1 and 2! are indicated.~b! the
interface after the annealing. The site-exchanged Pt atoms hav
enhanced magnetic moment.
3-5
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O. ROBACHet al. PHYSICAL REVIEW B 65 054423
present if the above value corresponds to the actual mag
moment or if the correct value is less due to the possible l
of proportionality betweennm andm for ultradilute alloys.

The fact that the value ofnm of the Pt atoms in layer 1 in
Fig. 8 is 20.65 before the annealing, and20.25 after, does
not mean that the magnitude of magnetic moment of the
atoms has changed but that the projection of the Pt ma
tization in the surface plane has decreased. This is a co
quence of the changing in the easy direction of magnet
tion from parallel to perpendicular: for the maximum appli
field at which the magnetic rods are measured, the magn
zation of the Pt is entirely in plane for the as-grown film
while it is at an angle to the surface plane for the annea
film.

3. Specular rods

In order to further illustrate the sensitivity of the magne
rods to the crystal structure, we now present crystallograp
and magnetic data measured on the specular rod (0,0L).
Figures 9~a! and 9~c! show the diffracted peak intensities fo
a 6.0-layer Co film deposited at 230 K before and after sh

FIG. 9. Panels~a! and ~c!: (0,0,L) scans~peak intensity! for a
6.0-layers Co film deposited at low temperature on the Pt subs
before and after a short annealing at 375 K. Panels~b! and~d!: the
corresponding specular magnetic rodsR(0,0,L). Note the change of
scale of the ordinate axis between~b! and ~d!.
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annealing, respectively. Both scans look very similar. T
modulations at the high-L side of the Bragg peak atL53 are
slightly more pronounced in the film before the anneali
~a!. On the low-L side, the modulations are slightly enhanc
in the film after the anneal~c!. Figures 9~b! and 9~d! display
the magnetic specular rods, i.e.,R(0,0,L). As may be seen
at the position of the ‘‘wiggles’’ of the standard specul
scans, the magnetic rods show pronounced oscillations.
is clearly noticeable atL;3.5, 4, 4.3, and 6.5. These osci
lations which often involve a change of sign ofR, are sensi-
tive to structural details.

Since in the (0,0,L) rods, all the atoms of the surfac
region contribute to the diffracted intensity, even those w
disorder on the surface plane, a crystallographic fit has
contain a large number of parameters to model the interf
Pt and Co atoms which are distributed in about ten or
levels, as mentioned in Sec. III A and nicely illustrated
Ref. 15. As a large number of parameters for a limited d
set results in very inaccurate results, no serious attempt t
R(0,0,L) was undertaken. In spite of these limitations, t
simple model discussed in Sec. III D, that adjusts the m
netic data of the Pt rods, with the addition of a rough C
layer and an overall small relaxation of the whole Co film
produces the solid curves in Figs. 9~b! and 9~d!, which have
a remarkable qualitative similarity to the measurements.~As
a matter of fact, the calculated solid curves in Fig. 9 are b
scaled by a factor of12 to obtain values similar to the mea
surements.! As may be seen from the figure, the oscillation
L53.5 is well reproduced in both cases; those at 4 and 4.
the data are reproduced in the calculations, but appear t
shifted. The maximum atL;6.5 is also reproduced by th
simulation.

The magnitudes ofR are also fairly well reproduced by
the simulation. The calculated curve before the annealin
about four times that after the annealing@note the different
scales in the ordinate axes on Figs. 9~c! and 9~d!#, similar to
the experimental results.

Although in the present case the crystallographic struct
of the interface is too complicated to accurately fit the data
Figs. 9~b! and 9~d!, most likely for less complex interfaces
or for much thinner films, measurements ofR(0,0,L) may be
useful to obtain a precise description of the structure and
the Pt magnetism.

IV. DISCUSSION

The interatomic exchange between Co and Pt mentio
above was already suggested in the literature. Previous S
measurements27,28 on Co/Pt~111! showed that submonolaye
deposition of Co atoms, at substrate temperatures aro
400 K, resulted in a very characteristic dendritic growth m
phology associated with dislocation lines in the substra
Detailed atomic scale imaging allowed to propose that
dendrites consist mainly of Pt atoms that have exchan
sites with Co atoms located below the Pt atoms. This ato
site exchange process between Co and Pt agrees with
results in Sec. III D 2, schematized in Fig. 8. Therefore
seems clear that either growth or thermal treatments of C
interfaces at temperatures around 400 K or even less~as

te
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shown in the results of Fig. 4! result in interfaces where a
atomic exchange between Co and Pt atoms has taken p
An important point here is that the above temperatures
well below the accepted temperatures of formation of Co
alloys. The consequence of this atomic exchange on the m
netic properties of the interface is the flipping of the ea
direction of magnetization from parallel to perpendicular~at
least for very thin films!, as shown in Fig. 6.

It is well established that the origin of the perpendicu
magnetization on ultrathin Co films on Pt is due to the re
tively large magnitude of the spin-orbit coupling in the
atoms which forces, via hybridization of the 5d Pt orbitals
with 3d states in the Co film, the Co magnetic moment
point toward the film normal. The atomic exchange in F
8~b!, causes an enhancement of the number of Pt-Co bo
along the surface normal, and thus enhances the perpen
lar anisotropy.

An interesting result from the fit discussed in Sec. III D
is that the induced magnetic moment (;nm) of the Pt atoms
embedded in the Co matrix is more than twice than tha
the Pt atoms at the interface. Most likely this is due to th
very different atomic coordinations. A Pt atom inside the
films has 12 Co atoms as nearest neighbors, whereas if
located at the interface as in layer 1 of Fig. 8~a!, it has only
three Co atoms as nearest neighbors. The induced magn
of the Pt atoms due to Co atoms in its neighborhood will
more important in the former case.

As the magnetism of the Pt atoms is induced by the Co
a first approximation the magnetic response of a film~i.e.,
magnetization vs applied field! should be the same whethe
viewed by Pt atoms~through the values ofR! or Co atoms
~via a magneto-optical signal!. This is, at first sight, the cas
in Fig. 6. The parallel easy direction of the film is show
either byR @Fig. 6~a!# or the Kerr signal@Fig. 6~c!#, and the
perpendicular direction either byR @Fig. 6~b!# on by the Kerr
signal @Fig. 6~d!#. An experimental detail to mention here
that R vs H can give only half a branch of the hysteres
curve due to the way thatR is measured. The data in Fig
6~a! are to be compared with the left branch of the hystere
cycle in Fig. 6~c!. Closer inspection reveals that the rem
nences and coercitive fields deduced fromR and from the
Kerr intensities are different. For example for a field of 0
the Kerr measurement gives a magnetization of the Co
very close to the saturation value, whileR is close to zero,
much less than its saturation value. At a field of2250 G, the
Kerr signal is positive whereasR is negative.

The thickness of our Co films~1 nm or less on average! is
certainly smaller than the exchange lengthL5AA/k ~A is the
exchange stiffness, andk is the anisotropy constant! which
for bulk Co is about 5 nm.29 This excludes, in principle, the
existence of more than one magnetic domain in the direc
of the film normal. Recent studies on Fe deposited on vic
W surfaces30 show that, in fact, the spin rotation on the su
face occurs over a length of 6 nm, which is sensibly sma
than that derived from the bulk properties of Fe. In spite
this, it seems unlikely that a domain wall plus two magne
domains might exist in our ultrathin films in the normal d
rection.

Several recent results were published which somewha
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semble our findings.9,31 In Co/Pt multilayers the author
found a bimodal hysteresis cycle which was due~as evi-
denced by Kerr microscopy! to the existence of two distinc
magnetic phases on the surface. Both phases had diffe
magnetic responses to applied fields. As previously m
tioned, in our Co/Pt measurements the growth results i
multileveled surface. Thus, although the average thicknes
the Co films in the experiments displayed in Fig. 6 is s
atomic layers, the surface morphology consists of region
ten or even 12 atomic layers, forming pyramidal types
mounds surrounded by areas of much less thickness.15 There-
fore, the surface consists of areas with parallel anisotr
~the mounds! coexisting with areas with subcritical thick
nesses~i.e., with perpendicular anisotropy!. The distances
between mounds, in a film grown at room temperature, ar
the range 30–40 nm.15 In our films, which were usually
grown at lower temperatures, that distance will be sma
but probably still larger than the exchange length. Therefo
it may well be that the surface has to be visualized at rem
nence as consisting of magnetic domains with parallel m
netizations surrounded by areas with perpendicular magn
zations. In this situation the intensity of the Kerr sign
~which arises essentially from the Co atoms, as mentione
Sec. III D 2! will be close to its maximum value, since th
volume of the mounds will largely dominate over that of th
of the Co atoms in the perpendicular areas. The meas
asymmetry ratioR ~relative to its saturation value for a fully
magnetized parallel film! will be the result of a weighted
average of Pt atoms with parallel magnetizations~those be-
low the mounds! and Pt atoms with perpendicular magne
zations~those in the subcritical areas!. The data in Fig. 6~a!
indicate thatR, at zero field, has about 27% of its maximu
value, which should be related to the fraction of surface w
parallel magnetization.

At a field of 2250 G, Pt shows a negative magnetizati
of ;58%, and Co a positive one of 40%. This indicates t
the average coercitivity of the Pt atoms at the interface
smaller than the average one of the cobalt atoms. As mos
the Co atoms are in mounds, it appears that the coerciti
in the mounds is larger than that in the subcritical areas.

The above discussion is somewhat speculative. Fu
work will be done to establish the validity of the above idea

V. CONCLUSIONS

The main conclusions of this paper are the following
~1! The critical thickness for flipping the easy direction

magnetization from parallel to perpendicular depends on
growth temperature or thermal treatments of the Co films

~2! Adsorption of CO gas on the Co film causes a flippi
of the easy direction of magnetization from parallel to p
pendicular for films of about four atomic layers in thicknes

~3! Annealing of a parallel Co film to;375 K or even less
causes the flipping of the magnetization to perpendicular

~4! The change in the easy direction of magnetization
due to an atomic exchange process between Co and Pt a
interface. Its extent depends on the details of the ther
treatment. It has been found that 4% of site exchange suffi
to reverse the easy direction.

~5! The polarization of Pt atoms in the Co matrix is abo
two times larger than that at the interface.
3-7
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~6! The magnetic responses of the film as viewed from
Pt polarization~via R! of from the Co magnetization~via the
Kerr signal! are not identical. A possible explanation bas
on the morphology of the film is proposed.
ns

d

B

ot

es

g,

J.

-

d F

. S

.

ur

05442
e ACKNOWLEDGMENT

The authors acknowledge the technical help of E. Pai
and L. Petit.
. T.

-

.

,

M.

nd

a,

Sci-
*Corresponding author. Email address: ferrer@esrf.fr
1W. B. Zeper, F. J. A. Greidanus, and P. F. Garcia, IEEE Tra

Magn.MAG-25, 3764~1989!.
2G. A. Bertero and R. Sinclair, J. Magn. Magn. Mater.134, 173

~1994!.
3N. W. E. Mc Geee, M. T. Johnson, J. J. de Vries, and J. aan

Stegge, J. Appl. Phys.73, 3418~1993!.
4R. T. Heap and S. J. Graves, J. Phys. D27, 1343~1994!.
5J. Thiele, C. Boglin, K. Hricovini, and F. Chevrier, Phys. Rev.

53, R11 934~1996!.
6M. Maret, M. C. Cadeville, W. Staiger, E. Beurepaire, R. Poins

and A. Herr, Thin Solid Films275, 224 ~1996!.
7T. A. Tyson, S. D. Conradson, R. F. C. Farrow, and B. A. Jon

Phys. Rev. B54, R3702~1996!.
8A. L. Shapito, P. W. Rooney, M. Q. Tran, F. Hellman, K. M. Rin

K. L. Kavanagh, B. Rellinhaus, and D. Weller, Phys. Rev. B60,
12 826~1999!.

9R. A. Fry, L. H. Bennet, E. Della Torre, and R. F. C. Farrow,
Appl. Phys.87, 5765~2000!.

10A. L. Sappiro, O. Vajk, F. Hellman, K. M. Ring, and K. L. Ka
vanagh, Appl. Phys. Lett.75, 4177~1999!.

11S. Ferrer, J. Alvarez, E. Lundgren, X. Torrelles, P. Fajardo, an
Boscherini, Phys. Rev. B56, 9848~1997!.

12S. Ferrer and F. Comin, Rev. Sci. Instrum.66, 1674~1995!.
13P. I. Cohen, G. S. Petrich, P. R. Pukite, G. J. Whaley, and A

Arrot, Surf. Sci.216, 222 ~1980!.
14P. Grutter and U. T. Durig, Phys. Rev. B49, 2021~1994!.
15E. Lundgren, B. Stanka, M. Schmidt, and P. Varga, Phys. Rev

62, 2843~2000!.
16C. S. Shern, J. S. Tsay, H. Y. Her, Y. E. Wu, and R. H. Chen, S
.

e

,

,

.

.

B

f.

Sci. 429, L497 ~1999!.
17U. Bardi, P. Tiscione, and G. Rovida, Appl. Surf. Sci.27, 299

~1986!.
18C. S. Feigerle, A. Seiler, J. L. Pena, R. J. Celotta, and D

Pierce, Phys. Rev. Lett.56, 2207~1986!.
19S. Pick and H. Dreysse, Phys. Rev. B59, 4195~1999!; Q. Ge, S.

J. Jenkins, and D. A. King, Chem. Phys. Lett.327, 125 ~2000!.
20T. Yokoyama, K. Amemiya, M. Miyachi, Y. Yonamoto, D. Mat

sumura, and T. Ohta, Phys. Rev. B62, 14 191~2000!.
21S. Hope, E. Gu, B. Choi, and J. A. C. Bland, Phys. Rev. Lett.80,

1750 ~1998!.
22T. Hill, M. Mozaffari-Afshar, J. Schmidt, T. Risse, S. Stempel, M

Heemeier, and H. J. Freund, Chem. Phys. Lett.292, 524~1998!.
23M. Galeotti, A. Atrei, U. Bardi, B. Cortigiani, and G. Rovida

Surf. Sci.297, 202 ~1993!.
24J. S. Tsay and C. S. Shern, Surf. Sci.396, 313 ~1998!.
25R. Baudoing-Savois, P. Dolle, Y. Gauthier, M. C. Saint-Lager,

de Santis, and V. Jahns, J. Phys.: Condens. Matter11, 8355
~1999!.

26E. Lundgren, J. Alvarez, X. Torrelles, K. F. Peters, H. Isern, a
S. Ferrer, Phys. Rev. B59, 2431~1999!.

27P. Grutter and U. Durig, Surf. Sci.337, 147 ~1995!.
28E. Lundgren, B. Stanka, W. Koprolin, M. Schmidt, and P. Varg

Surf. Sci.423, 357 ~1999!.
29J. Ehlert, F. K. Hubner, and W. Sperber, Phys. Status Solidi A106,

239 ~1988!.
30O. Pietzsch, A. Kubetzka, M. Bode, and R. Wiesendanger,

ence292, 2053~2001!.
31R. A. Fray, L. H. Bennet, and E. Della Torre, J. Appl. Phys.85,

5169 ~2000!.
3-8


