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Stability of the perpendicular magnetic anisotropy of ultrathin Ni films on Cu„100…
upon multiple magnetization reversals
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Ultrathin Ni films with perpendicular magnetic anisotropy were deposited on Cu~100! at room temperature.
The magnetic properties of the films were measured upon multiple magnetization reversals in an alternating
magnetic field using the magneto-optic Kerr effect. All magnetic properties remain virtually constant for up to
106 magnetization reversals for all films studied. This finding is supported by a simple theoretical model.
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In recent years, substantial effort has been focused on
preparation and characterization of ultrathin magnetic fil
with perpendicular magnetic anisotropy because of their
tential application as high density storage media.1 A vast
number of studies has discussed the origin of the perpend
lar anisotropy, its thickness and temperature dependence
related properties.2,3 On the other hand, the stability of mag
netic properties upon multiple magnetization reversals ha
our knowledge not been studied for thin magnetic film
Nevertheless, it is a fundamental requirement for data s
age materials that their magnetic properties should have
stability under their working conditions. Magnetic recordin
media undergo a large number of rewrite and erase
cesses. Therefore, if their magnetic properties, including
perpendicular anisotropy, the remanent magnetization,
the coercive field, change with the number of magnetizat
cycles, recording failure or data loss can occur. It is henc
key importance to check the magnetic stability of thin film
that are prospective recording media. With this goal in mi
we have investigated the magnetic stability of thin Ni film
on Cu~100!. Ni films on Cu~100! show a perpendicular mag
netic anisotropy over a wide thickness range,4–7 which
makes them interesting candidates for a study to determ
the stability of the magnetic anisotropy versus multiple m
netization reversals.

Several other film systems have been found to posse
perpendicular magnetic easy axis as well. A popular exam
is CoCr films grown in thec-axis orientation, where the an
isotropy has a magnetocrystalline origin.8 Epitaxial superlat-
tices of Co/Pt, Co/Pd, and Co/Au have also been stud
extensively since they offer a large Kerr rotation. Their p
pendicular anisotropy is believed to originate from the int
face anisotropy due to the reduced coordination numbe
the interface atoms.9 The reduced coordination number al
makes ultrathin Fe and Co films exhibit a magnetic anis
ropy with an easy-axis perpendicular to the film plane. F
these films, there exists a critical thickness below which
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surface anisotropy is sufficient to overcome the demagn
zation field and the films are preferentially magnetized
perpendicular direction.10,11 However, the critical thickness
is usually only a few monolayers~ML’s !. This thickness
limitation is disadvantageous for practical applications.
different behavior is found in Ni films on Cu~100!, which
show a transition from in-plane magnetization to perpendi
lar magnetization with increasing film thickness.4–7 Within
the thickness range from 7–10 ML to 37–70 ML, the N
films show a perpendicular easy axis.12 This large thickness
range and the particular origin of the magnetic anisotro
outlined below make Ni films on Cu~100! an interesting can-
didate for studies of stability with respect to magnetizati
reversal. Hence we have checked if the magnetic prope
show any change after the films were subject to 23106 mag-
netization reversals in an alternating sweeping field.

The magnetic stability upon multiple magnetization rev
sals has recently been studied for several systems.13,14 For
spin-dependent tunneling devices, where a hard magnetic
alloy layer is coupled over an aluminum oxide film to a so
magnetic Co layer, a decay of remanent magnetization
observed upon multiple magnetization reversals.13 It has
been suggested that the decay of the moment of the
layer is caused by the demagnetizing field at the hard la
associated with domain walls in the free layer.13 Aging ef-
fects caused by structural alterations have also been obse
in metastable amorphous phases.15 Concerning the stability
of the magnetic properties of ultrathin Ni films on Cu~100!,
to our knowledge, no work has been reported as yet. Th
films are prone to considerable elastic strain that could in
ence the magnetic properties and might be a source of m
stable structures.

Ultrathin Ni films grown on Cu~100! show a peculiar be-
havior regarding the magnetic anisotropy. For a film thic
ness between 7 ML and 9 ML, a sharp spin reorientat
transition from in-plane to out-of-plane is observed. At mu
larger film thicknesses between 37 ML and 70 ML, the pr
©2001 The American Physical Society07-1
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erential magnetization direction gradually rotates back to
film plane. Hence in the range from 9 ML to 37 ML, th
films show a perpendicular easy axis. Using ferromagn
resonance, Schulz and Baberschke4 found that this unusua
behavior results from the competition between the perp
dicular magnetoelastic volume anisotropy due to misma
induced strain and the sum of shape anisotropy plus sur
and interface anisotropy. The latter favors in-pla
magnetization.4 In the pseudomorphic region, Ni films hav
an in-plane lattice constant expanded by 2.5 % to match
of the Cu substrate, causing a corresponding contractio
3.2% in the perpendicular direction.16 The tetragonal stress
induced perpendicular uniaxial anisotropy is determined
Ku5 3

2 l100(c112c12)(«22«1). Here l100 is the magneto-
striction constant,c11 andc12 are the cubic elastic constant
and«2 and«1 are the in-plane compressive strain and ten
strain in perpendicular direction, respectively.4 Therefore the
strain state directly determines the value of the perpendic
anisotropy and is closely correlated to the preferential m
netization direction. When the thickness increases bey
the pseudomorphic region, strain relief by dislocation form
tion begins and the perpendicular anisotropy is gradually
duced. At last, the easy axis returns back to the plane. T
immediately implies that strain relief will affect the magne
anisotropy. While the previous studies have mainly focu
on strain relief by dislocation formation with increasin
thickness, it should also be possible to cause strain relief
dislocation formation by magnetic field sweeps. During t
sweep of an hysteresis loop an energy of 4m0msHc is re-
leased. This energy could facilitate dislocation formation a
hence would change the film strain and magnetic anisotro
To investigate the relevance of this mechanism, Ni fil
with a number of different thicknesses, which all showed
perpendicular magnetic anisotropy, were exposed to a la
number of magnetization reversals.

Ni films were prepared and analyzed in a ultrahi
vacuum chamber, which has already been descri
elsewhere.17 The chamber has a base pressure of
31029 Pa and is equipped with a low-energy electron d
fraction ~LEED! and medium-energy electron diffractio
~MEED! system, a cyclindrical mirror analyzer~CMA! for
Auger analysis, and a pair of Helmholtz coils to apply ma
netic fields up to 1000 Oe. The substrate was a polis
Cu~100! single crystal, approximately 7 mm in diameter a
2.5 mm thick. The sample was cleaned by Ar-ion sputter
with an ion energy of 2 keV at room temperature. Sub
quently the Cu crystal was annealed at 900 K for 5 min
reduce the sputter damage. High-purity Ni~99.98%! was
evaporated from a thin Ni platelet of 10 mm diameter a
0.2 mm thickness, heated by the radiation of a tungsten
ment. The Ni films were deposited at room temperature
ing a deposition rate of 0.3 ML/min. During evaporation, t
pressure did not exceed 331028 Pa. The growth of the
films was monitored by MEED, employing an electron e
ergy of 3 keV at an angle of incidence of 5° against t
surface. Magnetic properties of the films were characteri
using the magneto-optic Kerr effect~MOKE!. Hysteresis
loops were recorded in polar geometry. The light source w
a He-Ne laser with a wavelength of 632.8 nm.
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Ni films with various thicknesses have been studied. F
ure 1 shows the MEED measurement of one particular be
(2,3̄) for four different deposition runs. Comparison of th
different curves facilitates the identification of generic fe
tures. The MEED intensity is characterized by regular os
lations superimposed on a decrease of average intensity
growing film thickness. The oscillation in MEED intensit
corresponds to an oscillation in average terrace width. T
maximum intensity of each oscillation is indicative for th
completion of each successive monolayer. The decrea
amplitude of the oscillations with thickness suggests an
creasing surface roughness. Hence oscillations can onl
observed up to approximately 10 ML. This finding is
agreement with a previous study on the growth of Ni
Cu~100!.18 In Fig. 1 MEED data are recorded for films wit
a thickness of 8, 10, 20, and 30 ML, but MEED data are o
shown up to 12 ML. For the former two curves the fil
thickness can be determined precisely from the MEED os
lations. For the film thicknesses of 20 and 30 ML the thic
ness is extrapolated from the last five discernible oscillatio
This leads to an error bar of less than 6% for the total thi
ness. Once the film was fabricated, a hysteresis loop
recorded. Subsequently the film was subjected to continu
magnetization cycles in an alternating applied field, which
perpendicular to the film plane. For a typical field sweepi
rate of 0.1 s per cycle, it usually takes about 30 h to perfo
106 magnetization cycles. Hence we have first checked if
magnetic properties of Ni films change with time due to t
absorption of residual gas. As soon as the Ni film was f
ricated, a hysteresis loop was recorded. After 30 h a second
hysteresis loop was recorded. Figure 2 shows both hyste
loops. The comparison reveals that the magnetic prope
(Mr ,Ms ,Hc) are not affected by the 30 h exposure to r
sidual gases.

Having excluded the influence of the absorption of ga

FIG. 1. MEED intensity of the (2,3)̄ beam for four different
deposition runs. The film thickness is estimated from the inten
oscillations. See text for details.
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STABILITY OF THE PERPENDICULAR MAGNETIC . . . PHYSICAL REVIEW B 63 144407
at the film surface, the magnetic stability with respect
magnetization reversal was examined. The amplitude of
alternating field is twice as large as the coercive field of
film studied. The changing rate of the applied field is 5
Oe/s. All experiments were carried out at room temperat
which is 31 °C. A small increase of sample temperature
122 °C was observed after the film stayed in the alternat
field for more than 2 h. Hysteresis loops were measured a
certain numbers of magnetizing cycles~Fig. 3!. One can see
that the shape of the hysteresis remains unchanged even
23106 magnetization reversals. Basic parameters such

FIG. 2. A comparison of the magnetic hysteresis measured
mediately after film fabrication and 30 h later. The film is 10 M
thick.

FIG. 3. Hysteresis loops recorded after various numbers of m
netization cycles for the films with a thickness of~a! 8 ML, ~b! 10
ML, ~c! 20 ML, and~d! 30 ML. The same symbols are used in~b!,
~c!, and~d! as in ~a!.
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saturation magnetization, remanent magnetization, and c
cive field are determined from the loops. They are presen
in Fig. 4. The error bar for the remanent and saturation m
netization is 1%, while the error bar for the coercive field
3%.19 As can be seen from Fig. 4, the data can be fitted b
constant value. The scatter in the data for the three quant
studied here lies well within the error bars. This implies th
the remanence, the saturation magnetization, and the coe
ity remain constant. We have also tried to fit the data with
functions other than a constant behavior but could not g
significant improvement in the fit. Hence it is safe to say th
the perpendicular magnetic anisotropy of Ni films o
Cu~100! as well as the magnetic properties do not chan
even after a large number of magnetization reversals. T
finding is crucial both for an application of magnetic th
films in storage media and for basic studies of ultrathin film
In such studies the magnetic signal is often averaged ov
large number of loops to improve the signal-to-noise ra
Our study shows that at least for Ni films on Cu~100!, this

-

g-

FIG. 4. Plots of~a! remanent magnetization,~b! saturation mag-
netization, and~c! coercive field against the number of magnetiz
tion cycles. The solid squares describe the 8 ML film, while so
circles, solid down triangles, and solid up triangles characterize
10 ML film, 20 ML film, and 30 ML film, respectively. The dotted
lines are generated assuming constant magnetic properties.
7-3
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approach is fully justified. In the last section of this report w
will discuss how the result presented above can be expla
by a simple analysis.

For Ni films on Cu~100!, the magnetic anisotropy is gov
erned by competition between the surface and interface m
netic anisotropy and two volume contributions, namely,
shape anisotropy and the magnetoelastic anisotropy. It is
interplay between the latter two quantities that determi
the magnetic anisotropy. The shape anisotropy linearly
creases with thickness, while the magneto-elastic contr
tion shows a somewhat more complicated behavior. It
pends on the film thickness and the strain of the film, wh
itself is thickness dependent. The film strain is caused by
mismatch between the lattice parameters of the film and
substrate. For ultrathin films below the critical thickne
pseudomorphic growth is expected. Above the critical thi
ness the strain energy will be reduced by dislocation form
tion. Both will contribute to the total energy of the film sy
tem. By minimizing the sum of the strain energy and t
energy due to dislocations in the film the thickness dep
dence of both strain and interface dislocation density can
determined. For a small mismatch, a critical thickness exi
below which the film grows pseudomorphically. Above t
critical thickness dislocations appear and their density
creases with film thickness. Therefore the strain is uniqu
decided by the film thickness and so is the perpendic
anisotropy. However, the energy ofDE52m0MsHc released
in the magnetization reversal process can perturb the sys
Hence we have to compareDE to the elastic energy and th
dislocation energy. The energy is given as an average pe
atom. The values are listed in Table I. The energy rele
upon magnetization reversal has been derived from an
mated magnetic moment of 0.6mB per Ni atom to obtain an
upper limit of the energy release. Theoretical studies20,21

have predicted the magnetic moment of Ni on Cu~100! to be
only reduced directly at the Ni/Cu interface but find othe
wise bulklike moments of around 0.6mB in the Ni film. Ex-
perimental studies show a considerable scatter with s
reports of reduced average moments in the Ni film22,23. Re-
cent reports indicate that there might be a strain effect on
magnetic moment of the Ni film, where relaxed films ha
larger moments.24 Since we are mainly interested in an upp
estimate we calculate the energy release using a high
ment of 0.6mB for the entire film. The data reported for th
critical thickness of pseudomorphic growth show consid
able scatter. The critical thickness was either determined
experiments or predicted theoretically. Here we u
O’Brien’s data for whichhc is 13 ML.12 For film thicknesses
h larger thanhc , « is approximated by«5hhc /h,25,26where
h is the mismatch between the substrate and the depo
film. The equation for« determines the remaining film strai
and is used to calculate the dislocation density. The ela
constants are assumed to be the same as that for the bu
addition, a Poisson’s ratio of 1/3 is assumed. The Burg
vector is considered to be of1

2 ^110& type, which is typical of
fcc-structured films, yieldingb5(1/A2)a0, whereb is the
14440
ed

g-
e
he
s
-

u-
-

h
e
e

-
-

-
e

s,

-
ly
r

m.

Ni
e
ti-

-

e

e

r
o-

-
y

e

ed

tic
. In
rs

length of the Burgers vector anda0 is the length of the cubic
unit cell of Cu. A close look at Table I reveals that th
energy per atom released in one hysteresis loop is sig
cantly smaller than the energy of the dislocationsEd or the
elastic energy of the strained film. Hence it is unplausi
that magnetization reversal will have a profound effect
the film strain and the perpendicular magnetic anisotro
This conclusion should even remain valid if a large numb
of magnetization reversals have been performed. In this c
there will be a considerably higher energy release, but o
for very fast magnetization experiments will significa
power be absorbed.

It is interesting to compare our experimental finding w
a previous study that shows a decay of remanent magne
tion upon multiple magnetization reversals.13 In this case,
however, the coupling between two magnetic layers lead
a new decay channel for the magnetization. Such a chann
not available in the present system. Aging effects have a
been reported for metastable phases.15 In such systems, the
energy released during magnetization reversal accelerate
microstructural change. Metastable structures possibly
exist in Ni films on Cu~100!, if, for example, the dislocation
density would be lower than equilibrium density of disloc
tions. Under those circumstances, the energy released du
magnetization reversal could be used to form dislocati
and hence change the strain and the magnetic propertie
the films. That we do not observe any change in magn
properties indicates that the dislocation density is close to
equilibrium density. This is supported by the thickness d
pendence of film strain,27 which can be fairly well described
by an equilibrium theory for the residual in-plane film strai

In conclusion, Ni ultrathin films have been prepared w
a perpendicular easy axis on a Cu~100! substrate using mo
lecular beam epitaxy. The magnetic properties of the fil
were monitored during continuous magnetization reversal
an alternating magnetic field. The results show that the fi
keep the magnetic properties unchanged even after6

sweeps independent of the detailed strain state of the fi
This finding can be understood based on the small ene
released during each individual magnetization loop.

We gratefully acknowledge financial support by th
Deutsche Forschungsgemeinschaft~Wu 243/2! and the Min-
isterium für Schule, Weiterbildung, Wissenschaft, und Fo
chung des Landes Nordrhein-Westfalen.

TABLE I. Comparison between the energy released dur
magnetization reversal (DE) and the elastic energy (Ee) or the
dislocation energy (Ed) of the films. The energy is given as a
average per atom.

Thickness
of film ~ML ! 8 10 20 30

DE ~meV! 6.631026 231025 3.831025 2.931024

Ee ~meV! 9.0 9.0 3.8 1.7
Ed ~meV! 0 0 11.5 13.2
7-4
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