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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 dd@uat 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
10° 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 theurface anisotropy is sufficient to overcome the demagneti-
preparation and characterization of ultrathin magnetic filmsation field and the films are preferentially magnetized in
with perpendicular magnetic anisotropy because of their poperpendicular directiof** However, the critical thickness
tential application as high density storage média.vast is usually only a few monolayeréViL’s). This thickness
number of studies has discussed the origin of the perpendiclimitation is disadvantageous for practical applications. A
lar anisotropy, its thickness and temperature dependence, adifferent behavior is found in Ni films on QLOO), which
related propertie$® On the other hand, the stability of mag- show a transition from in-plane magnetization to perpendicu-
netic properties upon multiple magnetization reversals has tr magnetization with increasing film thicknes€. Within
our knowledge not been studied for thin magnetic films.the thickness range from 7-10 ML to 37—-70 ML, the Ni
Nevertheless, it is a fundamental requirement for data stoffilms show a perpendicular easy aXfsThis large thickness
age materials that their magnetic properties should have higlange and the particular origin of the magnetic anisotropy
stability under their working conditions. Magnetic recording outlined below make Ni films on GUOO) an interesting can-
media undergo a large number of rewrite and erase prodidate for studies of stability with respect to magnetization
cesses. Therefore, if their magnetic properties, including theeversal. Hence we have checked if the magnetic properties
perpendicular anisotropy, the remanent magnetization, anshow any change after the films were subject 12 mag-
the coercive field, change with the number of magnetizatiometization reversals in an alternating sweeping field.
cycles, recording failure or data loss can occur. It is hence of The magnetic stability upon multiple magnetization rever-
key importance to check the magnetic stability of thin filmssals has recently been studied for several systéfsror
that are prospective recording media. With this goal in mind spin-dependent tunneling devices, where a hard magnetic Co
we have investigated the magnetic stability of thin Ni films alloy layer is coupled over an aluminum oxide film to a soft
on CUY100. Ni films on CUY100 show a perpendicular mag- magnetic Co layer, a decay of remanent magnetization is
netic anisotropy over a wide thickness rafigé,which  observed upon multiple magnetization reversal$t has
makes them interesting candidates for a study to determineeen suggested that the decay of the moment of the hard
the stability of the magnetic anisotropy versus multiple magayer is caused by the demagnetizing field at the hard layer
netization reversals. associated with domain walls in the free lay@Aging ef-

Several other film systems have been found to possessfacts caused by structural alterations have also been observed
perpendicular magnetic easy axis as well. A popular examplén metastable amorphous pha$e€oncerning the stability
is CoCr films grown in thes-axis orientation, where the an- of the magnetic properties of ultrathin Ni films on @00,
isotropy has a magnetocrystalline ori§i&pitaxial superlat- to our knowledge, no work has been reported as yet. These
tices of Co/Pt, Co/Pd, and Co/Au have also been studieflims are prone to considerable elastic strain that could influ-
extensively since they offer a large Kerr rotation. Their per-ence the magnetic properties and might be a source of meta-
pendicular anisotropy is believed to originate from the inter-stable structures.
face anisotropy due to the reduced coordination number of Ultrathin Ni films grown on C@l00) show a peculiar be-
the interface atom$The reduced coordination number also havior regarding the magnetic anisotropy. For a film thick-
makes ultrathin Fe and Co films exhibit a magnetic anisotness between 7 ML and 9 ML, a sharp spin reorientation
ropy with an easy-axis perpendicular to the film plane. Fortransition from in-plane to out-of-plane is observed. At much
these films, there exists a critical thickness below which thdarger film thicknesses between 37 ML and 70 ML, the pref-
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erential magnetization direction gradually rotates back to the T T T T T

film plane. Hence in the range from 9 ML to 37 ML, the ] Ni/Cu(100)

films show a perpendicular easy axis. Using ferromagnetic 30 ML

resonance, Schulz and Babers¢hfaund that this unusual

behavior results from the competition between the perpen-

dicular magnetoelastic volume anisotropy due to mismatch- W\/\/\

induced strain and the sum of shape anisotropy plus surface 20 ML

and interface anisotropy. The latter favors in-plane M%

magnetizatiorf. In the pseudomorphic region, Ni films have

an in-plane lattice constant expanded by 2.5 % to match that : 10 MLL

of the Cu substrate, causing a corresponding contraction of

3.2% in the perpendicular directidf The tetragonal stress-

induced perpendicular uniaxial anisotropy is determined by

Ku=3N100(C11— C12)(2—&4). Here \1o is the magneto-

striction constantg,; andcy, are the cubic elastic constants, 8 ML

ande, ande, are the in-plane compressive strain and tensile

strain in perpendicular direction, respectivéherefore the L L L L

strain state directly determines the value of the perpendicular 0 2 4 6 8 10 12

anisotropy and is closely correlated to the preferential mag- Thickness (ML)

netization direction. When the thickness increases beyond _

the pseudomorphic region, strain relief by dislocation forma- FIG. 1. MEED intensity of the (2)8beam for four different

tion begins and the perpendicu]ar anisotropy is gradua”y redeposition runs. The film thickness is estimated from the intensity

duced. At last, the easy axis returns back to the plane. Thigscillations. See text for details.

immediately implies that strain relief will affect the magnetic

anisotropy. While the previous studies have mainly focused Ni films with various thicknesses have been studied. Fig-

on strain relief by dislocation formation with increasing ure 1 shows the MEED measurement of one particular beam

thickness, it should also be possible to cause strain relief vig2,3) for four different deposition runs. Comparison of the

dislocation formation by magnetic field sweeps. During thedifferent curves facilitates the identification of generic fea-

sweep of an hysteresis loop an energy @iofksH. is re-  tures. The MEED intensity is characterized by regular oscil-

leased. This energy could facilitate dislocation formation andations superimposed on a decrease of average intensity with

hence would change the film strain and magnetic anisotropygrowing film thickness. The oscillation in MEED intensity

To investigate the relevance of this mechanism, Ni filmscorresponds to an oscillation in average terrace width. The

with a number of different thicknesses, which all showed amaximum intensity of each oscillation is indicative for the

perpendicular magnetic anisotropy, were exposed to a largeompletion of each successive monolayer. The decreasing

number of magnetization reversals. amplitude of the oscillations with thickness suggests an in-
Ni films were prepared and analyzed in a ultrahighcreasing surface roughness. Hence oscillations can only be

vacuum chamber, which has already been describedbserved up to approximately 10 ML. This finding is in

elsewheré/ The chamber has a base pressure of Gagreement with a previous study on the growth of Ni on

x10"° Pa and is equipped with a low-energy electron dif-Cu(100).*® In Fig. 1 MEED data are recorded for films with

fraction (LEED) and medium-energy electron diffraction a thickness of 8, 10, 20, and 30 ML, but MEED data are only

(MEED) system, a cyclindrical mirror analyzé€MA) for ~ shown up to 12 ML. For the former two curves the film

Auger analysis, and a pair of Helmholtz coils to apply mag-thickness can be determined precisely from the MEED oscil-

netic fields up to 1000 Oe. The substrate was a polishetiations. For the film thicknesses of 20 and 30 ML the thick-

Cu(100 single crystal, approximately 7 mm in diameter andness is extrapolated from the last five discernible oscillations.

2.5 mm thick. The sample was cleaned by Ar-ion sputteringrhis leads to an error bar of less than 6% for the total thick-

with an ion energy of 2 keV at room temperature. Subseness. Once the film was fabricated, a hysteresis loop was

quently the Cu crystal was annealed at 900 K for 5 min torecorded. Subsequently the film was subjected to continuous

reduce the sputter damage. High-purity {99.98% was  magnetization cycles in an alternating applied field, which is

evaporated from a thin Ni platelet of 10 mm diameter andperpendicular to the film plane. For a typical field sweeping

0.2 mm thickness, heated by the radiation of a tungsten filarate of 0.1 s per cycle, it usually takes about 30 h to perform

ment. The Ni films were deposited at room temperature usi0® magnetization cycles. Hence we have first checked if the

ing a deposition rate of 0.3 ML/min. During evaporation, themagnetic properties of Ni films change with time due to the

pressure did not exceed>30 8 Pa. The growth of the absorption of residual gas. As soon as the Ni film was fab-

films was monitored by MEED, employing an electron en-ricated, a hysteresis loop was recorded. Afterh3a second

ergy of 3 keV at an angle of incidence of 5° against thehysteresis loop was recorded. Figure 2 shows both hysteresis

surface. Magnetic properties of the films were characterizetbops. The comparison reveals that the magnetic properties

using the magneto-optic Kerr effe€MOKE). Hysteresis (M,,M4,H;) are not affected by the 30 h exposure to re-

loops were recorded in polar geometry. The light source wasidual gases.

a He-Ne laser with a wavelength of 632.8 nm. Having excluded the influence of the absorption of gases
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FIG. 2. A comparison of the magnetic hysteresis measured im- - - - -
mediately after film fabrication and 30 h later. The film is 10 ML 0

thick.

at the film surface, the magnetic stability with respect to
magnetization reversal was examined. The amplitude of the
alternating field is twice as large as the coercive field of the
film studied. The changing rate of the applied field is 500
Oel/s. All experiments were carried out at room temperature,
which is 31°C. A small increase of sample temperature by
1-2°C was observed after the film stayed in the alternating
field for more than 2 h. Hysteresis loops were measured after
certain numbers of magnetizing cycl@sg. 3). One can see
that the shape of the hysteresis remains unchanged even afte
2x10° magnetization reversals. Basic parameters such as
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FIG. 4. Plots of(a) remanent magnetizatiofly) saturation mag-
ization, andc) coercive field against the number of magnetiza-

tion cycles. The solid squares describe the 8 ML film, while solid
circles, solid down triangles, and solid up triangles characterize the

ML film, 20 ML film, and 30 ML film, respectively. The dotted

lines are generated assuming constant magnetic properties.
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saturation magnetization, remanent magnetization, and coer-
cive field are determined from the loops. They are presented
in Fig. 4. The error bar for the remanent and saturation mag-
netization is 1%, while the error bar for the coercive field is
3% 1% As can be seen from Fig. 4, the data can be fitted by a
constant value. The scatter in the data for the three quantities
studied here lies well within the error bars. This implies that
the remanence, the saturation magnetization, and the coerciv-
ity remain constant. We have also tried to fit the data with fit
functions other than a constant behavior but could not get a
significant improvement in the fit. Hence it is safe to say that
the perpendicular magnetic anisotropy of Ni films on
Cu(100 as well as the magnetic properties do not change
even after a large number of magnetization reversals. This
finding is crucial both for an application of magnetic thin

FIG. 3. Hysteresis loops recorded after various numbers of magfilms in storage media and for basic studies of ultrathin films.

netization cycles for the films with a thickness(af 8 ML, (b) 10
ML, (c) 20 ML, and(d) 30 ML. The same symbols are used(i,

(c), and(d) as in(a).

In such studies the magnetic signal is often averaged over a
large number of loops to improve the signal-to-noise ratio.
Our study shows that at least for Ni films on @Q0), this
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approach is fully justified. In the last section of this report we  TABLE I. Comparison between the energy released during

will discuss how the result presented above can be explaingdagnetization reversalAE) and the elastic energyEg) or the

by a simple analysis. dislocation energy E4) of the films. The energy is given as an
For Ni films on C{100), the magnetic anisotropy is gov- average per atom.

erned by competition between the surface and interface magr- :

netic anisotropy and two volume contributions, namely, the! hickness

shape anisotropy and the magnetoelastic anisotropy. It is tH film (ML) 8 10 20 30

interplay be_twee_n the latter two quantit[es that d_etermin.e§\E (meV) 6.6x10°° 2x10°° 3.8x10-° 2.9x10°*

the magnetic anisotropy. The shape anisotropy .Ilnearly.mEe (meV) 9.0 9.0 38 17

creases with thickness, while the magneto-elastlc_ contrlbuEd (meV) 0 0 115 13.2

tion shows a somewhat more complicated behavior. It de-

pends on the film thickness and the strain of the film, which

itself is thickness dependent. The film strain is caused by théength of the Burgers vector arg is the length of the cubic

mismatch between the lattice parameters of the film and thenit cell of Cu. A close look at Table | reveals that the

substrate. For ultrathin films below the critical thickness€nergy per atom released in one hysteresis loop is signifi-

pseudomorphic growth is expected. Above the critical thick-cantly smaller than the energy of the dislocatiéhsor the

ness the strain energy will be reduced by dislocation forma€!astic energy of the strained film. Hence it is unplausible
tion. Both will contribute to the total energy of the film sys- that magnetization reversal will have a profound effect on

tem. By minimizing the sum of the strain energy and thethef film strai_n and the perpendiCl_JIar magnetic anisotropy.
energy due to dislocations in the film the thickness depen hiS conclusion should even remain valid if a large number
dence of both strain and interface dislocation density can b@f magnetization reversals have been performed. In this case
determined. For a small mismatch, a critical thickness existdnere will be a considerably higher energy release, but only
below which the film grows pseudomorphically. Above the for Vvery fast magnetization experiments will significant
critical thickness dislocations appear and their density inPoWer be absorbed. , o ,
creases with film thickness. Therefore the strain is uniquely TS interesting to compare our experimental finding with
decided by the film thickness and so is the perpendiculaf Previous study that shows a decay of remanent magnetiza-
anisotropy. However, the energy 8E = 2u,M H, released tion upon multiple .magnetlzatlon reverséﬂ’s_ln this case,

in the magnetization reversal process can perturb the systeffi0ever, the coupling between two magnetic layers leads to
Hence we have to compareE to the elastic energy and the & NeW decay channel for the magnetization. Such a channel is
dislocation energy. The energy is given as an average per Nfot available in the present system. Aging effects have also
atom. The values are listed in Table I. The energy releasB€€n reported for metastable Phagém such systems, the
upon magnetization reversal has been derived from an es2"€r9y released during magnetization reversal accelgrates the
mated magnetic moment of ug per Ni atom to obtain an microstructural change. Metastable structures possibly also

upper limit of the energy release. Theoretical stuidiés exist in Ni films on Cu@100), if, for example, the dislocation

have predicted the magnetic moment of Ni on(Tao) to be density would be lower than equilibrium density of disloca-
only reduced directly at the Ni/Cu interface but find other-tions. Under those circumstances, the energy released during

wise bulklike moments of around Q4 in the Ni film. Ex- magnetization reversal could be used to form dislocations
perimental studies show a considerable scatter with som@"d hence change the strain and the magnetic properties of

reports of reduced average moments in the Nifilfi Re- the films. That we do not observe any change in magnetic

cent reports indicate that there might be a strain effect on thBroPerties indicates that the dislocation density is close to the
magnetic moment of the Ni film, where relaxed films have&auilibrium density. This is supported by the thickness de-

larger moment$? Since we are mainly interested in an upperpendence_qf fjlm straiff, which can pe fairly well dgscribeq
estimate we calculate the energy release using a high m&Y @n equilibrium theory for the residual in-plane film strain.
ment of 0.Gug for the entire film. The data reported for the In concllu5|on, NI ultra.thln films have been prep_ared with
critical thickness of pseudomorphic growth show considerd perpendicular easy axis on a (€0 substrate using mo-

able scatter. The critical thickness was either determined b cular be_am ep|ta>_<y. The _magnenc prop_ertl_es of the fllm_s
experiments or predicted theoretically. Here we use ere monitored during continuous magnetization reversals in

O'Brien’s data for whichh.. is 13 ML .22 For film thicknesses &" alternating magnetic field. The results show that the films
hlarger tharh, , ¢ is appr(C)ximated W: 7he/h,25%where keep the magnetic properties unchanged even aftér 10
c» C l

7 is the mismatch between the substrate and the deposit€df'ccP> independent of the detailed strain state of the films.
film. The equation foe determines the remaining film strain is finding can be u_ndt_ar_stood based on .the small energy
and is used to calculate the dislocation density. The elastiEGIe"’lsed during each individual magnetization loop.
constants are assumed to be the same as that for the bulk. In- We gratefully acknowledge financial support by the
addition, a Poisson’s ratio of 1/3 is assumed. The Burger®eutsche Forschungsgemeinschisifiu 243/2 and the Min-
vector is considered to be g{110) type, which is typical of isterium fur Schule, Weiterbildung, Wissenschaft, und Fors-
fce-structured films, yielding = (1/y2)a,, whereb is the  chung des Landes Nordrhein-Westfalen.
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