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Ag-induced spin-reorientation transition of Co ultrathin films on Pt „111…
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~Received 14 January 2002; published 15 November 2002!

The surface magneto-optical Kerr effect was used to study the magnetic properties of Co ultrathin films
deposited on Pt~111!. The easy axis of the magnetization changes from the out-of-plane to the in-plane
direction after the coverage of Co is larger than 3.5 ML. The spin can reorient to the normal of the surface
when the proper thickness of Ag overlayers is deposited on Co/Pt~111! with the in-plane magnetization. The
out-of-plane magnetization and its coercivity as a function of Ag coverage were investigated during the
spin-reorientation transition. The easy axis of the magnetization can shift back to the in-plane direction after
the Ag overlayers are sputtered out. The chemical compositions of the interfaces were measured by Auger
electron spectroscopy. The mechanism of the spin-reorientation transition induced by Ag is discussed.
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I. INTRODUCTION

The studies of the properties of ferromagnetic ultrath
film sandwiches and multilayers have recently attrac
much interest experimentally as well as theoretically. O
reason for the interest is that the properties of perpendic
magnetic anisotropy and the spin-reorientation transit
may apply to magnetic high-density recording, magne
thin-film sensors, and magnetic thin-film switches.1,2 A sys-
tem containing Ag, Co, and Pt is particularly intriguin
Co-Pt ultrathin films and alloys have a perpendicular e
axis of magnetization, high coercivity, low Curie temperatu
and a large magneto-optical Kerr signal.3–5 Ag-Co thin films
exhibit the phenomena of giant magnetoresistance
superparamagnetism.6–8 It is interesting to investigate th
changes of the magnetic properties after Ag thin films
deposited on top of Co/Pt~111!. During the study, the phe
nomenon of a spin-reorientation transition induced by
overlayers was observed. If the coverage of Co on
Pt~111! surface is higher than 3.5 ML, the easy axis of t
magnetization changes from the out of plane to the in pla
After Ag overlayers are deposited, the easy axis of the m
netization shifts back to the out of plane. The phenomeno
the spin-reorientation transition occurs usually by chang
the thickness of the ferromagnetic thin films9–13or tuning the
substrate temperature.2,14–16 Most studies in spin-
reorientation transition focused on Fe or Ni thin films. As w
know, this study is a report on spin-reorientation transit
induced by heterogeneous overlayers in the Co-Pt syste

II. EXPERIMENTAL DETAILS

The experiments were carried out in an ultrahigh-vacu
chamber with the working base pressure about
310210 Torr. The single-crystal Pt was polished within 0.5
along the~111! direction. The surface of the sample w
cleaned by standard Ar-ion bombardment and annea
cycles in the ultrahigh-vacuum chamber. The bombard
kinetic energy was 2 keV and the annealing tempera
reached 1100 K. In order to remove the residual carbon fr
the Pt surface, oxygen was introduced at a pressure o
31027 Torr and the sample was heated to 800 K. The s
face was well prepared until a sharp and well-orderedp(1
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31) low-energy electron-diffraction pattern of the Pt~111!
surface was observed.

The chamber was equipped with several facilities for
preparation and analysis of thin films and surfaces. The
face structure was obtained by four-grid video low-ener
electron diffraction. The chemical compositions of the s
face were measured by Auger electron spectroscopy. The
rities of Ag and Co were 99.999% and 99.997%, resp
tively. Ag and Co thin films were deposited by molecula
beam epitaxy. The coverage of Ag and Co was monitored
the relative evolutions of Ag, Co, and Pt Auger signals a
was doubly checked by a quartz balance thickness mon
The deposition rates of Co and Ag were 900 s per monola
~ML ! and 320 s per ML at room temperature, respective
The magnetic properties were studiedin situ by the surface
magneto-optical Kerr effect. A He-Ne laser with a wav
length of 632.8 nm was used as the light source for
magneto-optical Kerr effect study.

III. RESULTS AND DISCUSSIONS

Cobalt atoms can grow 3 ML in a layer-by-layer mode
a Pt~111! surface at room temperature.17 Ag atoms deposited
on the 1–3-ML Co/Pt~111! initially grow 2 ML in a layer-
by-layer mode and then change to the three-dimensio
~3D! island growth mode.18 The polar and longitudinal Kerr
signals versus magnetic fieldH for different thicknesses o
Co on Pt~111! are shown in Fig. 1. Only the polar hysteres
loop was observed when the coverage of Co was less
3.5 ML. The hysteresis loop shifts gradually to the longit
dinal configuration when the coverage of Co is larger th
3.5 ML. It is interesting that the longitudinal Kerr signa
starts to appear when the growth of Co thin films turns to
3D island growth mode. The longitudinal Kerr intensity
stronger than the polar one when the coverage of Co is
ML. Only the longitudinal hysteresis loop was observ
when the coverage of Co was larger than 5.0 ML. The K
intensity can be used to represent the magnetization of
measured system since they have a linear relation.3,5 The
result of Fig. 1 indicates that the easy axis of the magnet
tion of Co ultrathin films is in the out-of-plane direction i
the initial growth and then changes gradually to the in pla
©2002 The American Physical Society17-1
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As the thickness of the Co thin film increases to 5.0 ML, t
magnetization is completely in the in-plane direction.

Ag overlayers were then deposited on the 5-ML C
Pt~111! surface. The deposition of Ag was stopped after e
0.25 ML in order to perform the Kerr measurement. T
hysteresis curves a shown in Fig. 2. The longitudinal K
intensity decreases and the polar Kerr intensity increa
gradually when the silver thicknessdAg increases. The pola
Kerr intensity significantly increases during Ag depositio
and increases significantly when the coverage of Ag reac
0.5 ML. The shape of the polar hysteresis loop becom
squarer whendAg50.75 ML. For subsequent Ag depositio
at 0.75 ML<dAg<1.5 ML, the polar Kerr intensity in-
creases more slowly while the longitudinal Kerr intens
always remains at zero. These results indicate that the
axis of the magnetization switches from the in-plane to
out-of-plane direction after the Ag overlayers are thi
enough, i.e., a spin-reorientation transition can be induced
Ag overlayers.

The Kerr intensity versus the coverage of Ag is plotted
Fig. 3~a!. The longitudinal Kerr intensity decreases to ze
monotonously as Ag coverage increases, while the polar K
intensity starts to grow when Ag coverage is higher than 0
ML. The polar Kerr signal arises very quickly when the co
erage of Ag is near 0.5 ML. The spin-reorientation-transit
switching becomes slow after the coverage of Ag is lar
than 0.75 ML. The slow switching can be interpreted as
gradual rotation of the easy axis of the magnetization fr
the in-plane direction to the out-of-plane one due to the co
petition between the shape anisotropy and the uniaxial in
face anisotropy.19 Polar Kerr intensity approaches saturati
when Ag coverage is 1.0 ML. Since all the Co sites a

FIG. 1. Kerr hysteresis loops in the polar and the longitudi
configurations versus magnetic field at different coverages of
deposited on the Pt~111! surface. The easy axis of the magnetizati
is out of plane when the coverage of Co is less than 3.5 ML an
changes to in plane after the coverage of Co is larger than 5 M
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completely occupied by Ag atoms when the coverage of
is 1.0 ML, the increasing thickness of the Ag overlaye
larger than 1.0 ML does not further increase the polar K
intensity. We define the coverage of Ag as a critical thickn
when half of the total spins of Co atoms are reoriented. T
critical thickness of 5-ML Co/Pt~111! is 0.5 ML.

The coercivity, HC , of the out-of-plane magnetizatio
versus Ag coverage is shown in Fig. 3~b!. Ag overlayers on
the Co/Pt~111! surface can result in the increase ofHC due to
the pinning of the spin orientation of Co.20 ThereforeHC
increases when the coverage of Ag increases.HC reaches the
maximum when the coverage of Ag is 1.0 ML. However, it
interesting to discuss whyHC increases when the coverag
of Ag is between 0 and 1.0 ML, decreases when the cover
of Ag is higher than 1.0 ML. Engelet al.21 studied the sys-
tem and in which Co films were epitaxially grown at roo
temperature on thick, 30–50-nm, Pd~111! buffer layers de-
posited onto Co-seeded GaAs~110!. After a capped Cu over-
layer, HC increases with increasing magnetic anisotropy.
their study,HC versus the thickness of a Cu overlayerdCu
had the same tendency as that of the anisotropy constanK1
versusdCu. From their measurements,HC also increased to a
maximum at around 1 ML and then slightly decreased
1 ML,dCu,5 ML. The behavior ofHC versusdCu was the
same as ours. Therefore, our observation for the peak inHC
suggests that there is a large increase in the perpendic
interface anisotropy at 1 ML of Ag coverage, and the anis
ropy constant slightly decreases for 1.0 ML,dAg,1.5 ML.
Weberet al.22 observed that the magnetic anisotropy and

l
o

it
. FIG. 2. Kerr hysteresis loops versus magnetic field after
overlayers are deposited on 5-ML Co/Pt~111! with increments of
0.25 ML each time. The polar hysteresis loop appears graduall
Ag coverage increases.
7-2



y
d
d
o

l-
d
t
L

y
ge
e

te
y
e.

ur
d

s
de-
lso
ly

o is
nd
the

ger

s-
r
r-
re-

v-
ars
he

min
s
the

e as
as

he
ro-

e-
top-
es
hin

n

L
.
ey

sis

put-
re-
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ercivity in Co films epitaxially grown on Cu~100! osillate as
a function of the Co thickness with a period of 1 ML. The
proposed that these oscillations contribute to the perio
variation of the film morphology alternating between fille
and incompletely filled atomic layers. The same behavior
HC oscillation in a Fe/Pd~100! system was observed by Chi
dresset al.23 They also proposed a possible roughness mo
lation during growth of successive Pd layers. In the grow
of Ag overlayers, as soon as the layer is completed in 1 M
islands form in the next layer. The Ag film morpholog
changes from flat to rough when the coverage of Ag is lar
than 1 ML. The film roughness of Ag causes a slight d
crease inHC as shown in Fig. 3~b!. Another possibility is
that it could arise from the hybridization of electronic sta
at the Ag/Co interface. The magnetic interface anisotrop
very sensitive to the details of the electronic band structur24

FIG. 3. ~a! Longitudinal and polar Kerr intensities as a functio
of Ag coverage on 5-ML Co/Pt~111!. The polar Kerr intensity in-
creases quickly whendAg50.5 ML, and saturates whendAg

51 ML. ~b! Coercivity as a function of Ag coverage on 5-M
/Pt~111!. The maximum ofHC is located at 1 ML of Ag coverage
The continuous lines along data points are just a guide to the
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The spin-reorientation transition induced by Ag can occ
for the Co/Pt~111! system which exists in both polar an
longitudinal hysteresis loops initially@e.g., 4.5-ML Co/
Pt~111! in Fig. 1#. The critical thickness of Ag overlayer
reduces as the coverage of ferromagnetic Co thin films
creases. The spin-reorientation transition induced by Ag a
exists for Co coverages of more than 5 ML. However on
parts of Co spins can be reoriented if the coverage of C
higher than 7 ML. In our observation, both the in-plane a
the out-of-plane magnetization appear regardless of
thickness of Ag deposition when the coverage of Co is lar
than 7 ML. We will interpret this phenomenon later.

Argon ions with a kinetic energy of 1.6 keV and a pre
sure of 1.031025 Torr were used in the depth profile fo
1-ML Ag/5-ML Co/Pt~111! at room temperature. The hyste
esis loops were measured at every 2-min sputtering. The
sults are shown in Fig. 4. The longitudinal Kerr signal reco
ers the original value and the polar Kerr signal disappe
gradually after the Ag overlayers are removed gradually. T
in-plane magnetic hysteresis loop was observed after 4
of sputtering. After further sputtering, parts of Co thin film
are removed and the surface becomes rough. Therefore
shape of the longitudinal hysteresis loop is not as squar
that of the original one. Auger electron spectroscopy w
used to monitor the evolution of the compositions in t
interfaces during the sputtering. The results of the depth p
file are shown in Fig. 5. The Ag 351-eV Auger signal d
creases very quickly because Ag overlayers are on the
most layer. The Co 775-eV Auger signal slightly increas
initially and then decreases slowly because a 5-ML Co t

e.

FIG. 4. The evolution of the longitudinal and polar hystere
loops for 1-ML Ag/5-ML Co/Pt~111! during the Ar-ion sputtering.
The longitudinal hysteresis loop appears gradually during the s
tering. The polar hysteresis loop disappears as Ag atoms are
moved.
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film is located in the middle. The Pt 237-eV Auger sign
increases monotonously. The sputtering in the initial 4 m
had removed most of the Ag overlayers. The Co thin fi
still had some residuals fromt56 min to t512 minutes in
Fig. 5. This explains why we can observe the in-plane h
teresis loops during the sputtering as shown in Fig. 4. Co
films were almost sputtered out att514 min. Therefore the
longitudinal Kerr signal also disappeared in Fig. 4. The
sults of Auger electron spectroscopy during the sputter
are consistent with the evolution of the in-plane magne
hysteresis loop appearing and the out-of-plane hyster
loop disappearing as shown in Fig. 4.

It is interesting to know what the mechanism is for t
spin-reorientation transition induced by Ag in this syste
Recently Robachet al.25 reported that adsorption of CO ga
on the Co/Pt~111! surface causes a flipping of the easy dire
tion of magnetization from parallel to perpendicular for C
films of about four atomic layers in thickness. Their interp
tation of this unusual phenomenon is that CO reduces
magnetic moment of the surface Co atoms and leaving
inner atoms unaffected, and the remaining magnetic Co
has a thickness smaller than the critical thickness, and th
fore it exhibits a perpendicular easy axis of magnetizati
Since a spin-reorientation transition can occur at any co
age of Co lower than 7 ML, the mechanism in our syst
may be different. Beauvillainet al.26 studied the enhance
ment of perpendicular magnetic anisotropy of Co/Au~111!
after having capped Au, Cu, or Pd using the measuremen
the surface magneto-optical Kerr effect, and showed
only the interface contribution to the anisotropy chang
with the overlayer thickness. Following this conclusion, t
change of the interface anisotropy must be involved for
calculation.

FIG. 5. Depth profiling for the study of the composition at t
interfaces of 1-ML Ag/ 5-ML Co/Pt~111! during the sputtering in
Fig. 4. The evolutions of Ag, Co, and Pt Auger signals indicate t
the spin-reorientation transition is induced by Ag overlayers. T
continuous lines along data points are just a guide to the eye.
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The effective anisotropy of the uncovered Ag film in o
system can be written as27

Ke f f5KV1
KS

Pt

dCo
1

KS
UHV

dCo
, ~1!

whereKV is the volume anisotropy,KS
Pt is the interface mag-

netic anisotropy between Co and Pt, andKS
UHV is the inter-

face magnetic anisotropy between Co and the vacuum.
can assume that the volume anisotropy and the interface
isotropy between Co and the substrate Pt do not change
Ag is deposited on the Co/Pt~111! surface. When the fraction
of Ag surface coverage isa, the effective anisotropy can b
written as

Ke f f5KV1
KS

Pt

dCo
1

KS
UHV

dCo
~12a!1

KS
Ag

dCo
a, ~2!

where KS
Ag is the interface magnetic anisotropy betwe

Co and Ag. The fractiona5dAg /dAg(1 ML) with 0<a<1.
We takea51 when the coverage of Ag is larger than 1 M
If we neglect high-order terms, the anisotropy energy den
can be written asE5Ke f fsin2u , where u is the angle
between the magnetization and the surface normal.
direction of the easy axis of the magnetization can be de
mined from a minimum requirement ofE. The volume
anisotropy, which mainly includes the crystalline anis
tropy and the shape anisotropy, favors the in-plane magn
zation for the Co thin film on Pt. The interface magne
anisotropy between Co and Pt, and between Co and
favor the out-of-plane magnetization. From the repor
values, KV is negative (26.83106 erg/cm3),28 KS

Pt is
positive (KS

Pt50.57 erg/cm2),29 KS
UHV is negative (KS

UHV

520.17 erg/cm2),26,27 andKS
Ag is positive (KS

Ag50.35 erg/
cm2).30 Before Ag deposition,Ke f f.0 in the initial growth
of Co because theKS

Pt/dCo term is dominant in Eq.~1! and
dCo is very small. Therefore the easy axis of the magneti
tion is perpendicular to the surface in the Co initial grow
Ke f f,0 after further deposition of Co becausedCo becomes
larger. Therefore the easy axis of the magnetization is in
plane when the coverage of Co is thick enough.

After Ag deposition on 5-ML Co/Pt~111!, Ke f f changes
sign from negative to positive becauseKS

Pt/dCo andKS
Ag/dCo

in Eq. ~2! are positive. Therefore the easy axis changes fr
the in-plane direction to the out-of-plane one. One can ob
the same conclusion from comparing Eq.~2! and Eq.~1!. All
terms are identical except thatKS

Ag is used instead ofKS
UHV

after Ag deposition. SinceKS
Ag is positive andKS

UHV is nega-
tive, Ke f f in Eq. ~2! becomes positive after the proper thic
ness of Ag deposition. Therefore the easy axis of the mag
tization rotates 90° from the in-plane to the out-of-pla
direction.

Further calculation in Eq.~2! reveals thatKe f f becomes
negative whendCo is larger than 6.6 ML. This indicates tha
the magnetization favors the in-plane direction when
thickness of Co is larger than 6.6 ML. This explains w
only parts of the Co spins reorient in our observation rega
less of the thickness of Ag being deposited when the cov
age of Co is larger than 7 ML.
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Although the results of the numerical calculation of t
change in the interface anisotropy are consistent with
observations, the physical reasons need further discus
The lattice mismatch between Ag and Co is very large. T
strain causes the interface anisotropy to change sign f
negative inKS

UHV to positive inKS
Ag . Another possible physi-

cal origin is that the hybridization of electronic states at
Ag/Co interface could cause significant alternations of
magnetic interface anisotropy.24,26 Indeed, the electron struc
tures of Cu ultrathin films on Co~0001! have some importan
changes that can be observed by photoemission.31 The hy-
bridization of the Ag and Co wave functions changes
magnetic anisotropy. Both the strain due to the large lat
mismatch and the hybridization of electron states at
Ag/Co interface are the possible mechanisms of sp
reorientation transition in our system.

IV. CONCLUSION

The easy axis of the magnetization is the in-plane dir
tion when the coverage of the Co thin film on the Pt~111!
surface is larger than 5 ML. After 1 ML of Ag overlayers
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