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Abstract

A strong reduction of the critical thickness of the spin reorientation transition in Ni/Cu(0 0 1) has been observed when
covered with CO or H,. For uncovered Ni films a critical thickness of 10.5 ML has been found at T = 300 K. The critical
thickness is reduced by about 3 and 4 ML after adsorption of 0.5 ML CO and H,, respectively. The observed shift in the
spin reorientation transition implies a reduction of the negative surface anisotropy energy by about 50% in both cases.
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1. Introduction

Ultrathin ferromagnetic layers often show a dif-
ferent magnetic behavior than the bulk. Reduced
symmetry and a modified lattice constant for
a pseudomorphic growth may change the magnetic
moment and influence the direction of the magne-
tization axis. The direction of the magnetization in
the remanent state is determined within the phe-
nomenological model by the interplay of a thick-
ness-dependent part (surface/interface anisotropy)
and a thickness-independent part (volume anisot-
ropy) of the magnetocrystalline anisotropy energy
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density and the shape (or more precise the dipolar)
anisotropy energy density. A spin reorientation
transition may occur when these three anisotropies
do not have the same signs. Reorientation from
out-of-plane to in-plane magnetization has been
observed for a number of ultrathin magnetic films,
typically in the 2-6 monolayer (ML) thickness
range [1-3]. Contrary to this, a transition from
in-plane magnetization to out-plane magnetization
at 7-10 ML has been measured for Ni films on
Cu(001) [4-8]. The in-plane magnetization is
caused by a large thickness-dependent negative sur-
face and interface anisotropy. Therefore, a change
in surface or interface anisotropy will shift the spin
reorientation transition to a different Ni film thick-
ness. Possible ways to influence the surface anisot-
ropy are growth of a metallic overlayer, variation of
the surface roughness or adsorption of a gas. For
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Ni on Cu(0 0 1) the effect of overlayers [9-13] and
surface roughness [ 14] have been studied recently,
while less attention has been paid to the influence of
gaseous adsorbates. However, changes in the mag-
netic moment of the first layer have been found
after hydrogen adsorption on Ni(111) [15] and
Ni(0 0 1) [16-18] in the past. It is therefore ex-
pected that gaseous adsorbates will influence the
spin reorientation transition in thin Ni films on
Cu(001) as well.

In this paper, we will present experimental re-
sults on the effects of CO and H, adsorption on
Ni/Cu(0 0 1). Thereafter, these results will be com-
pared to the measured influence of a Cu cap layer
and surface roughness. The paper is organized as
follows. In Section 2, we present the currently gen-
erally accepted phenomenological model for the
magnetic anisotropy energies in Ni/Cu(0 0 1). In
Section 3, a summary of the adsorption/desorption
kinetics of CO and H, on Ni(0 0 1) is given. Section
4, describes the experimental details. In Section
5 the experimental data are presented and the re-
sults are discussed. Section 6 summarizes this work.

2. Spin reorientation transition

The anomalous spin reorientation transition of
Ni films on Cu(0 0 1) has intensively been investi-
gated during the last years [4-14,19-24]. The spin
reorientation transition is described by an effective
second order magnetization anisotropy energy (per
unit cell volume) K, and a shape anisotropy energy
2nM?2 (M, is the saturation magnetization). K, is
written, for small film thickness, as the sum of the
thickness independent volume anisotropy (K,,)
and the thickness dependent surface (K,) and in-
terface anisotropy (K,;). Perpendicular magneti-
zation will result when K,, + (K, + K»;)/d >
2nM? in the Ni film. Normally, K,, describes the
magnetocrystalline bulk anisotropy. However, the
growth of Ni on Cu(0 0 1) is pseudomorphic up to
a film thickness of at least 11 ML [11,25]. In com-
parison with bulk FCC Ni (x, = 2.49 A) the tet-
ragonally distorted (FCT) lattice is expanded by
2.5% in the film plane and compressed by 3.2%
along the surface normal [25]. The tetragonal dis-
tortion leads to an additional uniaxial anisotropy

energy term absent in bulk Ni. In the literature, this
term has been discussed in terms of (bulk) mag-
netoelastic energy [10,12,26] with [12,26] or with-
out [10] inclusion of a surface magnetoelastic
contribution. In this paper, we do not make use of
these models but use a simpler and less ambiguous
description of only a surface and interface part of
the magnetocrystalline anisotropy, K,, and K,;,
respectively, describing the volume dependent part
of the anisotropy energy per unit cell and a vol-
ume anisotropy K,,, which is a function of the
magnitude of the tetragonal distortion of the
Ni film: K, = K,, + (K»s + K»;)/d. The (higher
order) magnetocrystalline anisotropy of bulk Ni
can be ignored completely because it is about two
orders of magnitude smaller (& — 0.39 peV/
atom) than the strain induced component K,, =
30 peV/atom [4].

For thin Ni films on Cu(0 0 1) the positive vol-
ume anisotropy is compensated by large negative
surface and interface anisotropies. Therefore, con-
trary to most magnetic systems, the magnetization
of thin Ni films is in-plane up to a critical thickness
d., where K, equals the shape anisotropy 2nM?2
and the magnetization switches to out-plane. In
literature, critical thickness values ranging from
7 ML [4-6], 8 ML [7] up to 10 ML [8] have been
reported. The stress in the Ni film, which is induced
by the tetragonal distortion, increases with increas-
ing film thickness. This continues up to a critical
thickness (> 11 ML), where the onset of strain
relaxation reduces the tetragonal distortion. From
there on, the volume anisotropy K,, becomes
thickness dependent and decreases with reduced
lattice distortion, i.e. with increasing film thickness.
Consequently, a second spin reorientation occurs
at a thickness d,., where the effective second-order
magnetocrystalline anisotropy energy K, equals
the shape anisotropy 2nM?2. This spin reorientation
transition is less sharp than the first one, occurring
at a thickness of 37 ML [10] to 50 ML [11].

3. CO and H, adsorption

In the past, in depth studies have been made on
the adsorption/desorption kinetics and corre-
sponding structure of CO and H, on Ni(00 1).
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In this section, a summary of the relevant results is
given. The CO molecules adsorb on top of Ni
surface atoms for coverages up to 0.5 ML [27-32].
The orientation of the CO molecule at such a ter-
minal adsorption site is perpendicular to the sur-
face with the carbon bonded to a Ni surface atom
[33,34]. Low-energy electron diffraction measure-
ments always show a clear ¢(2 x 2) superstructure
for coverages up to 0.5 ML [33-36]. For temper-
atures below 160 K the complete ¢(2 x 2) structure
is developed at an exposure of about 2 ML [27,36].
For a coverage between 0.25 and 0.5 ML a partial
occupation of bridge sites has been reported by
some authors [28,32] while others found only
top site adsorption up to 0.5 ML CO coverage
[31]. Upon further CO exposure two new patterns
develop. First, a transition to a ¢(5./2x ﬁ)
R45° superstructure with a coverage of 0.6 ML
occurs which is followed by a transition to a
p(3\/5 X \/E)R450 structure with a coverage of
0.68 ML (saturation coverage for T < 250 K)
[31,37]. Thermal desorption spectra for CO adsor-
bed in the ¢(2x2) structure on Ni(00 1) show
a peak labeled f, at about 440 K for heating rates
of about 10-15 K /s [28,32,38,39]. The isosteric heat
of adsorption in this state is about 1.25¢V/CO
molecule [36,38]. For coverages between 0.25 and
0.5 ML a shoulder at 350 K (labeled f,) develops.
The thermal desorption spectra for CO adsorbed in
the more dense p(3\/§ X \/§)R45° structure show
an additional peak at about 280 K.

The adsorption/desorption behavior and struc-
ture of H, on Ni(0 0 1) is less complex than that of
CO. H, adsorbs dissociatively on Ni(0 0 1) in four-
fold hollow sites [40,41]. No ordered surface struc-
ture forms at a substrate temperature of 300 K
[42,43]. At 200 K a quasi-ordered p(2 x 2) overlayer
structure develops after adsorption of 0.5L H,
(which corresponds to a coverage of about 0.5 ML
of H atoms) [40]. For low and medium hydrogen
exposures (up to 5 L at 100 K) the thermal desorp-
tion spectra consist of only one peak, labeled f3,, at
about 350 K for a heating rate of about 15K/s
[38,39,43]. Upon further exposure (exposure

> 10 L H,) a shoulder develops (f3;), which popu-

lation is much less than those of the main desorp-
tion state. The isosteric heat of adsorption in the
f, state is about 1.0 eV/H, molecule [43,44].

4. Experimental

Our experiments were conducted in ultra-high
vacuum (base pressure < 4x 107 '! mbar) using
Kerr microscopy, low- and medium-energy elec-
tron diffraction (LEED/MEED) and Auger elec-
tron spectroscopy (AES). The sample was cut from
a single-crystal Cu rod, oriented with the aid of an
X-ray diffractometer and mechanically and electro-
chemically polished, resulting in a miscut less than
0.2°. The sample was heated in an Ar/H, atmo-
sphere at about 820 K for several hours. After inser-
tion into the UHV chamber the sample was cleaned
by a few cycles of sputtering with 2keV Ar™ ions
and prolonged heating at 840 K. This procedure
resulted in a clean and well-ordered surface as was
determined by AES and LEED. Wedge-like Ni
films were grown with electron-beam evaporation
on a Cu(00 1) surface at a temperature of 298 K.
The growth rate, calibrated with MEED before
growth of the wedge and checked by AES after
Kerr microscopy measurements, was about
0.5 ML/min. During growth the pressure in the
vacuum chamber never exceeded 2 x 10 '° mbar.
In-situ Kerr microscopy measurements were per-
formed using a similar setup as described in Ref.
[45]. The microscope, shown in Fig. 1, has two
separate sections; an illumination part and a sub-
system with a long distance microscope objective
mounted to a CCD camera. The illumination sec-
tion is attached to one of the vacuum chamber

mote \ I
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Fig. 1. Schematic view of the experimental Kerr microscopy
setup: M: mirror, La: halogen lamp, L1: condensor, D: dia-
phragm, F1, F2 infrared and blue blocking filters, L2: lens

f=100 mm, GT1: Glan-Thompson polarizer, GT2: analyzer

(Glan-Thompson), O: long distance objective, C: CCD camera.
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windows and consists of a 50 W halogen lamp,
collimating optics, blue and infrared blocking fil-
ters, a focusing lens, and a Glan-Thompson polar-
izer. Another vacuum chamber port is used for the
microscope objective and the CCD camera. In
front of the microscope objective a second
Glan-Thompson is placed for polarization analy-
sis. The sample is illuminated with an incident
angle of 20° with respect to the surface normal.
Kerr microscopy measurements were performed in
the polar geometry i.e., with the external magnetic
field oriented normal to the surface. Images were
taken with the repeated sequence of — 300, O,
+ 300, 0 Oe external field at an acquisition time of
about 10 s/image. From each sequence two asym-
metry images, i.e. the difference of two images
divided by their sum, were constructed: one for the
remanent state and one for an external magnetic
field of 300 Oe. With this setup it was possible to
measure the change in the critical thickness of the
spin reorientation transition during the adsorption
of CO and H,. In the adsorption experiments the
wedge like Ni film was exposed to the adsorbate at
T =143K and a pressure of 1x 10”2 mbar. In
order to exclude surface roughness induced
changes in the spin reorientation transition, the Ni
film was annealed to 453 K prior to adsorbate
adsorption. This results in a smooth Ni surface
without any significant substrate interdiffusion
[23,46]. In addition to the Kerr images measure-
ments of full hysteresis curves were performed using
a standard polar Kerr setup with a laser diode
(4 =670 nm) as light source and a photodiode as
detector.

5. Results
5.1. CO/Ni/Cu(00 1)

On the Cu(00 1) surface a Ni wedge, ranging
from 3.9 to 12.5 ML, was grown to study CO ad-
sorption. The changes in the spin reorientation
transition during CO adsorption, as monitored by
Kerr microscopy imaging, is displayed in Fig. 2.
This figure shows selected stripes of remanent state
asymmetry images for five CO exposures at
T = 143 K. The imaged surface area is the same for
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Fig. 2. Polar remanent Kerr asymmetry images of the same
section of a Ni wedge on Cu(00 1) for five CO exposures at
143 K.

each stripe and corresponds to 0.6 mm x 5 mm. For
the clean Ni film (first stripe), up to a film thickness
of about 11 ML no Kerr asymmetry is measured,
ie. the magnetization is in-plane. However, at
11 ML a very fast increase in the polar Kerr signal
is observed, followed by a linear increase in the
remanent asymmetry with film thickness. The spin
reorientation in the remanent state occurs within
a thickness range of one monolayer. The thickness
d. at which the spin reorientation from in-plane
magnetization to perpendicular magnetization oc-
curs, is not related to the thickness at which a dislo-
cation network starts to develop to reduce film
strain. O’Brien et al. [11] found a strong increase in
the coercive field at a thickness of 13 ML, which
can be interpreted as the onset of dislocation
formation. This is in agreement with our own Kerr
measurements shown in Fig. 3 where we observe
this strong increase of the coercive field at about
16 ML. Furthermore, Miiller et al. [25] found no
significant reduction of the tetragonal distortion up
to a film thickness of at least 11 ML. The spin
reorientation transition of the clean Ni film is there-
fore below this onset of misfit dislocations. Expo-
sure to CO immediately shifts the border of the spin
reorientation transition to smaller film thickness.
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Fig. 3. Coercive field versus Ni film thickness. A strong increase
in the coercive field is observed at 16 ML.

The exposure is determined from the pressure as
read from the ion gauge without any further correc-
tions. The actual CO exposure is somewhat larger
(by a factor 2 maximum) due to the position of the
ion gauge with respect to substrate and gas inlet.
The critical thickness is decreased down to § ML
after a CO exposure of only 1.1 L. No further shift
of the spin reorientation transition to smaller film
thicknesses is measured upon further exposure.
Compared to CO adsorption measurements in
Refs. [27,36], the actual CO coverage at which the
shift in spin reorientation saturates is close to
0.5 ML, with the CO molecules adsorbed in
a ¢(2 x 2) overlayer structure.

Fig. 4 shows the critical thickness d,, as a function
of sample temperature for the clean (squares) and
CO covered surface (circles and triangles for in-
creasing and decreasing temperature, respectively).
The average measured time per data point for the
CO covered surface was about 5 min, which corres-
ponds to a heating/cooling rate of 0.03 K/s. In
order to avoid gas adsorption at low temperatures
on the clean surface, the data points for this surface
were taken with decreasing sample temperature.
Open (closed) symbols indicate the thickness at
which the remanent Kerr signal dropped to 10%
(80%) of the extrapolated polar Kerr signal of the
same thickness. The inset shows the remanent Kerr
signal as a function of film thickness for the CO
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L 1 L
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Fig. 4. Critical thickness of the spin reorientation transition of
a Ni film versus sample temperature for the clean surface
(squares), for the surface exposed to 1.2 L CO at 143 K (circles)
and for the CO covered surface after annealing at 453 K (tri-
angles). Open (closed) symbols represent the thickness at which
the remanent Kerr signal is dropped to 10% (80%) of the
extrapolated polar Kerr signal of the same thickness. The in-
crease of the critical thickness at about 320 K is caused by the
onset of CO desorption. The inset shows the measured Kerr
asymmetry as a function of the Ni thickness at 233 K for the CO
covered film.

covered surface at T = 233 K. At this temperature
the reorientation from in-plane to perpendicular
remanent magnetization occurs in a small thickness
range of less than 0.2 ML. The measured critical
thickness d, for the CO covered surface (increasing
sample temperature) decreases linearly to 7.4 ML
at T =300 K. At about 320 K the border of the
spin reorientation transition starts to increase. This
increase can be attributed completely to the onset
of CO desorption from the Ni surface. As men-
tioned in Section 3 TPD measurements show a CO
desorption peak at about 440 K [28,32,38,39] (f3,
desorption peak) for a heating rate of about 15 K/s.
Because of our much lower heating rate of only
0.03 K/s the peak desorption occurs at lower tem-
peratures: the strong increase of the critical thick-
ness at about 380 K is in complete agreement with
the TPD measurements indicating a desorption
energy of about 1.25eV (first-order desorption
kinetics and a pre-exponential factor of 2 x 10'*
is assumed). The weak increase of d. at lower
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temperatures below 380 K might be due to desorp-
tion from the slightly weaker bound f; adsorption
site. At a sample temperature of 453 K the critical
thickness of the CO covered surface is almost equal
to the one measured for the clean Ni film. Anneal-
ing at this temperature for several minutes results in
a critical thickness (10.4 ML (10% data points)),
which is equal to the clean Ni film. From this we
conclude that 453 K is sufficient to clean the sur-
face. Auger electron spectroscopy confirms this;
only a small fraction of CO (close to the detection
limit of the CMA Auger spectrometer) remained on
the Ni surface, which does not change the thickness
of the spin reorientation transition significantly.
This is illustrated by the data points for decreasing
temperature. The critical thickness for the CO
covered and annealed film (triangles) and the clean
film (squares) is the same within the experimental
error in the whole temperature range measured.

5.2. H,/Ni/Cu(0 0 1)

As we have shown earlier [47], adsorption of
hydrogen drastically influences the spin reorienta-
tion in Ni films on Cu(0 0 1). An approximate hy-
drogen exposure of 4 L at 143 K reduces the critical
thickness by about 4 ML. Exposing more H, to the
surface does not change the spin reorientation
transition any further. Comparing with hydrogen
adsorption measurements in Refs. [40,43], the
actual hydrogen coverage at which the shift in spin
reorientation saturates is close to 1 ML H atom
coverage. From Kerr images taken during the
H, exposure of the Ni wedge at 143 K we deter-
mined the critical thickness (taken as the thickness
where the Kerr signal with a 300 Oe external field
dropped to % of the extrapolated full polar signal).
The result from two different Ni wedges are shown
in Fig. 5 versus the H, exposure. The displayed
exposure, measured with an ion gauge, is not cor-
rected for the hydrogen ionization probability, the
position of the gas inlet and the ion gauge with
respect to the substrate. The actual H, exposure is
3-4 times larger. Christmann et al. [43] showed
that adsorption of hydrogen on Ni(0 0 1) obeys
a first-order adsorption process. This implies a lin-
ear decrease of the sticking coefficient with increas-
ing coverage. Neglecting desorption this will result
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Fig. 5. Critical thickness of the spin reorientation transition of
a Ni film versus hydrogen exposure at 143 K. The circular and
triangular data points were measured on two different Ni
wedges. An exponentially decaying fit function to the data
points is shown as a solid line.

in a time dependence of the hydrogen coverage 0(t)
proportional to 1 — exp( — ct), with ¢ being a con-
stant and t the exposure time. In our experiments,
in which hydrogen is adsorbed at 143 K, hydrogen
desorption can be neglected. As can be seen in Fig.
5, the measured critical thickness decays exponenti-
ally with hydrogen exposure as well. An exponenti-
ally decaying fit function to the data points is
shown as a solid line. This leads us to conclude that
the hydrogen coverage and the critical thickness
have the same hydrogen exposure dependence, sug-
gesting that the critical thickness decreases linearly
with hydrogen coverage.

The temperature dependence of the critical thick-
ness for H, covered Ni films is illustrated in Fig. 6.
The border of the spin reorientation transition
hardly changes upon heating up to about 270 K. At
this substrate temperature however, a shift to larger
film thickness is observed. This shift is entirely
attributed to the onset of hydrogen desorption.
Analogous to the case of CO adsorption discussed
above the maximum hydrogen desorption occurs at
about 300 K in our case which is lower than that
observed in usual TPD spectra [38,39] because of
the much lower heating rate (about 0.03 K/s in our
case compared to 15 K/s in Ref. [39]). Assuming
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Fig. 6. Critical thickness of the spin reorientation transition of
a Ni film versus sample temperature for the clean surface
(squares) and for the surface exposed to 1.5 L hydrogen at 143 K
(circles). Open (closed) symbols represents the thickness at which
the remanent Kerr signal is dropped to 10% (80%) of the
extrapolated polar Kerr signal of the same thickness. The in-
crease of the critical thickness at about 270 K is caused by the
onset of hydrogen desorption. The inset shows the measured
Kerr asymmetry as a function of the Ni thickness at 233 K for
the hydrogen covered film. The small arrow at the open squares
at T =143 K indicates an estimate of the reduction of the
critical thickness by possibly adsorbed small traces of hydrogen
at low temperature.

second-order desorption kinetics the shift of 50 K
of the desorption peak is consistent with a desorp-
tion energy of 1.0 eV/H, molecule if we assume
a pre-exponential factor of about 10'°. The temper-
ature interval at which the desorption occurs in
Fig. 6 is narrower than in the case of the CO shown
in Fig. 4 in agreement with the less pronounced
f1 TPD peak in the case of hydrogen desorption.
At a substrate temperature of 330 K the critical
thickness merges into the curves for the clean Ni
film within experimental error. The close similarity
of the behavior of (the derivative of) the critical
thickness d. and the TPD spectra gives an addi-
tional indication of the linear dependence of d. and
the hydrogen coverage. Therefore, this change of
d, can be attributed entirely to a change in the
surface anisotropy constant K.

From a change of K,, upon hydrogen exposure,
a shift not only in the first spin reorientation
transition is expected but a change of the critical
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Fig. 7. Polar Kerr asymmetry versus Ni film thickness in the
remanent state (dashed line) and in the magnetization state with
an applied external field of 300 Oe (solid line) for a hydrogen
covered and clean Ni film at 273 K.

thickness in the second spin reorientation
transition is expected as well. To investigate the
influence of hydrogen adsorption on the second
critical thickness d,. we grew a Ni wedge ranging
from 0 to 90 ML. In Fig. 7 the polar Kerr signal as
a function of the Ni thickness at T =273 K is
derived from Kerr images of this steep Ni wedge for
the clean and hydrogen covered film. The solid lines
represent the Kerr signal with applied external field
of 300 Oe and the dashed lines the remanent Kerr
signal. Because of our limited external magnetic
field saturation of the Ni film could be achieved
only for Ni films below a thickness of about 50 ML.
The Kerr asymmetry for larger Ni thickness repres-
ents the corresponding quantities from a minor
hysteresis loop with an field amplitude of 300 Oe.
Therefore, a reduction of the Kerr signal does not
necessarily mean a reduction of the Kerr signal in
the magnetically saturated state. Nevertheless, we
observe in the whole thickness range, starting from
the first spin reorientation transition up to more
than 80 ML always a nonvanishing polar Kerr
signal, both in the remanent as well as with 300 Oe
applied external field, indicating that the second
spin reorientation occurs over a broad thickness
range. This behavior is in qualitative agreement
with the measurements of Ref. [11], which also
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showed a gradual transition to in-plane magneti-
zation, over a thickness range of about 15 ML. The
onset of an in-plane signal and the onset of the
reduction of the remanent polar XMCD-signal was
found at about 40 ML. Bochi et al. [26] and Jun-
gblut et al. [10] found an already entirely in-plane
magnetization for Ni films thicker than 60 ML. In
our case, the transition range seems to be some-
what wider, which might originate in different prep-
aration methods of the films affecting the strain
relaxation. In our case, up to about 50 ML both the
clean and the hydrogen covered film show perpen-
dicular magnetization. The measurements at
300 Oe for thicker films cannot be used, because
a change in this signal may simply be caused by
a change of the coercivity and therefore difficult to
interpret.

While for thin Ni films remanent Kerr signal and
the Kerr signal at saturation coincide indicating
rectangular hysteresis loops, for the clean Ni film
the remanent Kerr signal starts to deviate from the
saturation value at about 45 ML. For this thickness
the external field of 300 Oe is still sufficient to
saturate the film as can be seen in Fig. 8. The film
spontaneously breaks up into domains. This does
not happen for the hydrogen covered film. The
energy oc (AK )%, (K the effective anisotropy
and A the exchange energy) to form a domain wall
must be larger in this case compared to the un-
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R 1 T
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Fig. 8. Polar Kerr ellipticity hysteresis loops for different Ni film
thickness, measured at 273 K. Note, an external applied mag-
netic field of 300 Oe is not enough to saturate the film magnetiz-
ation of Ni films thicker than 50 ML.

covered Ni film of the same thickness. Assuming
that it is K¢, which is mostly affected by hydrogen
exposure, we can conclude that indeed the anisot-
ropy is enhanced by hydrogen exposure, so that the
second spin reorientation transition is expected at
larger thickness. A quantitative value, however can-
not be derived from our data.

5.3. Cu/Ni/Cu(00 1)

Separate determination of the surface (K,,) and
interface anisotropy (K,;) is not possible in the
experiments described above. Both anisotropies
have the same thickness dependence and therefore
only the sum of K,, and K,; can be calculated.
However, separation can be achieved when the
critical thickness observed for clean, H, covered
and CO covered Ni films is compared to the critical
thickness of a thin Ni film capped with Cu. In the
latter case, the spin reorientation is influenced by
2K,; instead of K, + K,;. Therefore, we have
grown a Cu wedge perpendicular on a Ni wedge at
298 K. The Ni film was also grown at 298 K and
not annealed prior the growth of the Cu wedge on
top of it. Subsequently, Kerr microscopy images
were taken at different substrate temperatures.
In this manner, the change in spin reorientation
transition as a function of Cu layer thickness
and substrate temperature could be determined
precisely.

Fig. 9 shows the critical thickness d. as a function
of sample temperature for the clean (squares) and
the Cu covered (circles and triangles) Ni film (d,
was determined as the thickness where the re-
manent Kerr signal dropped to 10% of the extrapo-
lated value). Growth of Cu on a Ni wedge also
shifts the border of the spin reorientation transition
to smaller film thickness. At a Cu coverage of one
monolayer the critical thickness is reduced by
3 ML with respect to the clean Ni surface. Further
growth of Cu does not change the spin reorienta-
tion transition any further. A shift to thinner Ni
films upon Cu coverage was also observed by
O’Brien et al. [11], however, the transition from
in-plane to perpendicular magnetization shifted
only by 1 ML from 7 to 6 ML in their measure-
ments. The 6 ML of their Cu covered Ni film is
close to our value considering the uncertainty in
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Fig. 9. Critical thickness of the spin reorientation transition of
a Ni film versus sample temperature for the clean Ni surface
(squares) and for the Ni surface capped with 2 ML Cu (triangles)
and 5ML Cu (circles). The solid line is a power law
Te(d)/Te(0) =1 —(d/dy)~* with T¢( o) the bulk Curie tem-
perature, dy = 3.6 ML and A = 1.2.

the thickness determination of about 0.8 ML. The
smaller shift we attribute to a partial hydrogen
precoverage of the Ni film in their case. Our result,
however, is completely inconsistent with the mag-
netoelastic model described by Bochi et al. [26],
which predicts a shift of the reorientation transition
towards higher thickness. The measurement of the
critical thickness at different substrate temper-
atures is completely reversible. Annealing of the
sandwich structure to 453 K for about 10 min does
not influence the spin reorientation transition in
the Ni film. This is illustrated in Fig. 10. This figure
shows the Kerr asymmetry at 233 K, measured
before and after annealing to 453 K. The solid line
indicates the Kerr asymmetry measured on the
Cu/Ni/Cu(00 1) sandwich directly after the prep-
aration of the structure at 298 K, the dashed is the
Kerr asymmetry after annealing to 453 K at the
same temperature of 233 K as the first measure-
ment. No change in the onset of the polar Kerr
signal is observed (the small difference in the mag-
nitude of the Kerr signal is within the experimental
error). The shift of the data points towards higher
values at about 350 K and above in Fig. 9 is not due
to the increase of the thickness at which the mag-

10

before annealing
----- after annealing

Kerr asymmetry (%)
(6]

6 7 8 9 10 11 12
Ni thickness (ML)

Fig. 10. Polar Kerr asymmetry versus Ni thickness at 233 K for
a Ni wedge covered with 5 ML Cu. The solid (dashed) line
represents the Kerr asymmetry before (after) annealing the film
at 453 K.

netization switches from in-plane to perpendicular
magnetization but is attributed to the transition
from the ferromagnetic to the paramagnetic phase.
The displayed data points above 350 K, therefore,
do not indicate the film thickness at which the
reorientation from perpendicular magnetization to
in-plane magnetization occurs. They mark the
boundary where the out-of-plane remanent mag-
netization disappears instead. The solid line in Fig.
9is a power law Tc(d)/Tc(o0) = 1 — (d/dy)~* with
Tc(o0) the bulk Curie temperature, dy, = 3.6 ML
and /1 = 1.2. Such a value of 1 is commonly mea-
sured for many systems [48]. However, the values
of Tc¢(d) for a given thickness are lower by up to
60 K compared to those reported for the uncovered
Ni film on Cu(0 0 1) [5,20]. Small differences in the
thickness calibration partially may account for this.
However, covering of the Ni film with a Cu cap
layer also strongly reduces T'¢ [13]. In that experi-
ment, a Cu coverage of 2.8 ML lowered T by
more than 30 K.

5.4. Surface anisotropy energy
The interface and surface anisotropy of the

uncovered, CO-, H,- and Cu-covered Ni films
can be calculated now from our measured critical
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thicknesses as described in Section 2. In these calcu-
lations we took the value 30 peV/atom for the
strain induced volume anisotropy K,, and for the
shape anisotropy 2nM?Z = 7.5 peV/atom. In prin-
ciple, there might be differences in the properties of
the Cu/Ni and Ni/Cu interface. Our experimental
observation that the spin reorientation transition is
independent of the thickness of the Cu for thickness
above 2 ML and thermally stable however, indi-
cates that the two interfaces can be considered as
equal. The interface anisotropy energy K,; is then
given by the expression 2K ,; = 2nMZ — K,,) x d..
At 300 K we observed a critical thickness of
d, = 7.4 ML for the Ni film capped with Cu. This
results in a value of K,; = — 83 peV/atom for
a single Cu/Ni interface.

The surface anisotropy K, for the clean Ni film
at 300 K yields — 153 peV/atom, which follows
from our measured critical thickness of 10.5 ML for
the clean uncovered Ni film. This anisotropy en-
ergy K, = — 153 peV/atom at the Ni/vacuum in-
terface is much larger than the anisotropy energy
K,; = — 83 peV/atom at the Ni/Cu interface. This
is in agreement with a recent ab initio calculation
by Uiberacker et al. [49] and with the experiment
by O’Brien et al. [11]. The calculation shows that
the band energy difference, and therefore the mag-
netic anisotropy energy, is much larger at the sur-
face than at the interface. To compare with the
result of theoretical calculations the values for
K,,, K,;, K,,, and 2nM? have to be extrapolated
to 0 K. The temperature dependence of d (T) for
the uncovered and the Cu covered Ni film is not
very large as can be seen from Fig. 9. However, this
is because the temperature dependence of K,; and
K, on the one hand and K, on the other hand are
very similar. Because of the negative sign of
K,; and K, and the positive sign of K,, the
temperature dependence of d.(T) largely cancels.
The temperature dependence of K,,, however,
is quite large and has been measured by Farle
et al. [24]. If we take the extrapolated value
K,, =72 peV/atom at T =0K from Ref [24]
and our extrapolated critical thickness
d.(0 K) = 11.6 ML for the clean Ni surface we ob-
tain K,; + K,; ~ — 700 peV/atom. This value is
much larger than the result of two theoretical
calculations which yield a wvalue of about

— 100 peV/atom [49,50]. However, in Ref. [49]
the definitions of K,, and K,; are different from
those used to analyze our experimental data. In the
theoretical work K,, and K,; are essentially the
magnetic anisotropy energy of the surface Ni layer
and the interface Ni layer, respectively, while in the
experimental work K, and K,; are determined
from the extrapolation down to zero film thickness.
These two definitions lead to the same result only in
the case that the magnetic anisotropy energy does
not change with thickness in the interior of the film,
which is, according to the calculation in Ref. [49],
not fulfilled. A recent theoretical work by Henk et
al. [51] indeed shows, that for Ni film thickness up
to at least 10 ML the superposition of interface and
surface part strongly deviates from the result of the
calculation for the true thin film geometry, indicat-
ing, that the quantized thin film states significantly
contribute to the magnetocrystalline anisotropy.

From the measurements of d, of the adsorbate
covered Ni films we can estimate the change in
K, upon coverage of the surface with these adsor-
bates. If we take the measured critical thickness
d, =73 ML for the CO covered Ni surface at

300 K, we obtain a surface anisotropy energy
K,, = — 81 peV/atom. Therefore, the absolute
value of the surface anisotropy energy decreases
dramatically upon CO adsorption. It seems that
CO adsorption and Cu coverage re-establishes
a more bulk like behavior of the surface. An even
more drastic decrease in critical thickness is
observed upon hydrogen adsorption. If we extra-
polate the measured d. of the H, covered Ni
surface to 300 K we obtain d, = 6.8 ML and
K, = —70 peV/atom. The measured critical
thickness at 300 K as well as the calculated surface
anisotropy energies are summarized in Table 1.
From these measurements we can conclude that
covering a Ni film with CO, H, and Cu reduces the
surface anisotropy energy approximately by 50%.
This reduction in surface anisotropy energy shifts
the border of the spin reorientation transition to
smaller Ni film thickness. The critical thickness is
reduced by 4 and 3 ML upon H, and CO/Cu
coverage, respectively.

The influence of hydrogen adsorption on the
second spin reorientation transition can be dis-
cussed now too. The negative surface anisotropy
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Table 1

Measured critical thickness d, of the reorientation transition at
T =300 K and derived surface anisotropy energies K,,. The
surface anisotropy is derived using K,, = 30 peV/atom, and
2nM? = 7.5 peV/atom from Ref. [4]

d. (ML) K, (neV/atom)
Ni/Cu(00 1) 10.5 — 153
Cu/Ni/Cu(00 1) 7.4 — 83
CO/Ni/Cu(001) 73 — 81
H,/Ni/Cu(00 1) 6.8 —170
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Fig. 11. Critical thickness of the spin reorientation transition of
a Ni film versus sample temperature for a Ni wedge grown at
298 K (triangles) and the same wedge after annealing to 453 K
(circles). Closed symbols: thickness at which the Kerr signal with
300 Oe external field dropped to 50% of the extrapolated polar
Kerr signal. Open symbols: thickness at which the remanent
Kerr signal dropped to 80% of the extrapolated polar Kerr
signal.

energy causes in-plane magnetization. Hydrogen
adsorption reduces this anisotropy, and therefore
increases the thickness range in which out-plane
magnetization is observed, i.e. the second spin re-
orientation transition shifts to thicker Ni film
thickness. The measurement shown in Fig. 7 indeed
indicate a shift in the second spin reorientation
transition as discussed in detail in Section 5.2.
The influence of CO and especially H, adsorp-
tion on the magnetic properties of thin magnetic
layers should even be considered in experimental

setups with a good base pressure and without in-
tentional gas exposure. For example, a hydrogen
partial pressure of 3x 10” ' mbar at 300 K will
result in an equilibrium coverage of about 0.1 ML
[43]. A decrease in temperature by 20 K or an
increase of the hydrogen pressure by a factor of 10
will increase this coverage by more than a factor of
3 and this equilibrium coverage is already reached
after 30 min. In our experiments (base pressure
<4 %10~ ' mbar) the possible effect of hydrogen
adsorption is indicated by a small arrow in Fig. 6.
In this measurement the amount of hydrogen ad-
sorption was minimized by fast data acquisition
during decreasing substrate temperature. There-
fore, in general the effect of hydrogen adsorption on
the spin reorientation transition can be more pro-
nounced. Due to a higher desorption temperature,
effects of CO adsorption on the magnetic proper-
ties are expected even at elevated sample temper-
atures. However, because of the usually much
smaller partial pressure of CO compared to
H, unintentional CO adsorption can be avoided
much easier than H, adsorption.

5.5. Influence of surface roughness

For the above measurements the Ni film was
annealed to 453 K for several minutes which result-
ed in smooth films [23] but did not change the
magnetic properties besides a small reduction in
the coercive field [46]. It has been shown that sur-
face roughness may affect d. as well [14,52]. We
therefore compared the critical thickness obtained
from the annealed film with the d, derived from
measurements taken directly after the growth of the
Ni wedge at 298 K. This comparison is shown in
Fig. 11 with circles for the annealed and triangles
for the unannealed Ni film. The open symbols rep-
resent the critical thickness determined from the
vanishing of the remanent polar Kerr signal (drop
to 80% of the extrapolated Kerr signal as illus-
trated in the inset of Fig. 4), while the solid symbols
represent the critical thickness determined from the
Kerr signal with an applied magnetic field of
300 Oe (drop to 50% of the Kerr signal). The data
for the unannealed film were first collected by
lowering the temperature, starting from 300 K dir-
ectly after the growth of the Ni film. As discussed
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above, the critical thickness at the lowest temper-
ature might be already reduced slightly due to
hydrogen adsorption. The data above room tem-
perature were taken afterwards with increasing
temperature. Above 320 K the hydrogen, adsorbed
during the growth of the Ni film and during the
time the sample was below room temperature, is
completely desorbed. Therefore, the open triangles
above 320 K indicate the vanishing of the remanent
polar magnetization of the clean film with the ‘as-
grown’ surface morphology. At high temperatures
close to the Curie temperature the remanent polar
Kerr signal disappears below a thickness of 10 ML.
This might be caused by the formation of domains
[53] with domain sizes below the resolution of our
Kerr microscope [45]. The influence of domain
formation is absent in the critical thickness derived
from the Kerr signal with applied field (solid sym-
bols). In both cases, a reduced critical thickness of
up to about 0.4 ML is found for the ‘as-grown’
(rougher) Ni wedge compared to the annealed film.
At elevated temperatures smoothing of the ‘as-
grown’ film becomes significant and the datapoints
of the ‘as-grown’ film merges into those of the
annealed film.

Bruno has explained this reduction within
a simple phenomenological model by a roughness
induced decrease of the effective surface anisotropy
(AK ) [52,54]. Two separate contributions to this
decrease can be distinguished. First, step edge
atoms contribute only half of the surface anisot-
ropy of atoms in the terrace. Therefore, AK,, =
Rgteppierrace X Kas/2,  With  Rgepjrerrace  the  ratio
between the number of step edge atoms and the
number of atoms in the terrace. Secondly, the shape
anisotropy decreases with surface roughness. Fol-
lowing Ref. [52], this contribution can be cal-
culated from the terrace average width ¢ and height
20. Shen et al. [46] derived from STM images a rms
roughness of 1.5A for a 10 ML thick film. The
average island distance is about 60 A. Using these
parameters and the theory of Ref. [52] we find that
the change of the shape anisotropy is less than
1 peV/atom and can be ignored completely in the
present case. The total contribution of the rough-
ness to the surface anisotropy AK ,, is calculated to
+ 15 peV/atom. As it is evident from Fig. 9 of Ref.
[46] anncaling of the 10.2 ML Ni film results in

strong reduction of roughness. ¢ is reduced by
approximately a factor of 2 and the average island
distance is increased by a factor of 2. The remaining
contribution of the roughness to the surface anisot-
ropy of this annealed 10.2 ML Ni film is only
+ 4 peV/atom. For these parameters a reduction
of the critical thickness of 0.5 ML is calculated,
close to our experimentally observed change of less
than 0.4 ML. This shift in spin reorientation
transition is small compared to the observed shift
after CO- and H,-adsorption or Cu growth. We
therefore conclude that changes in the surface mor-
phology have only a minor effect on d..

6. Summary

We observed a strong reduction in the critical
thickness of the spin reorientation transition in
Ni/Cu(0 0 1) when covered with CO, H,, or Cu cap
layers. The reduction in critical thickness after CO
and H, adsorption is about 3 and 4 ML, respec-
tively. The shift in the spin reorientation transition
to smaller Ni film thickness is attributed to a de-
crease in the negative surface anisotropy energy.
Calculation of this surface anisotropy for CO,
H, and Cu covered Ni films yield values about
50% smaller than for uncovered Ni films. Com-
pared to CO and H, adsorption, the influence of
surface roughness is negligible. A shift of less than
0.4 ML is observed after annealing a room temper-
ature grown Ni film at T =453 K. The observed
influence of CO and H, on the magnetic properties
in Ni/Cu(0 0 1) may well be representative for the
influence of adsorbates on thin films in general.
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