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The influence of interface mixing upon the magnetic domain properties in perpendicularly magnetized
ultrathin films has been studied using Fe/2 ML NiA¥0 samples. Annealing of films with an Fe thickness of
1-1.5 ML produces interface mixing that can be quantified using Auger electron spectroscopy, and related to
the changes in domain propertigsich as the activation energy for domain wall pinning, the domain correla-
tion length, and domain concentratjoas measured by the low frequency ac magnetic susceptibility. Analysis
of the susceptibility, as well as model calculations of the magnetic anisotropy, suggest that pinning is caused
by the perturbation of the domain wall energy by monolayer steps in thickness. Initially, annealing smooths the
film, thus increasing the domain correlation length and activation energy. Further annealing causes mixing at
the Fe/Ni interface, which reduces the anisotropy, thus reducing the activation energy and increasing the
domain concentration. Annealing above 550 K breaks up the film and there is no magnetic response in the
measurable temperature range.

[. INTRODUCTION these systems to both the transition from ferromagnetism to
paramagnetisfl and the spin reorientation transitién.

The formation and dynamics of magnetic domain walls This report concentrates on the effect of surface rough-
are central to the practical magnetic properties of many ferness and interface mixing on the formation and motion of
romagnetic materials. Ultrathin magnetic filfts 10 atomic ~ domain walls in Fe films grownroa 2 ML Ni/W(110 sub-
layers or monolayeréVL)] are no exception, and the exis- Strate. Previous resuffshave shown that the low frequency
tence and expression of fascinating magnetic phenomerfs¢ Magnetic susceptibility of these films is dominated by the
such as low-dimensional critical behavior, perpendiculaf®SPonse of the domain walls. The temperature-dependent

magnetic anisotropy, and the spin reorientation transition arg'éasurements may be analyzed quantitatively to yield the

intimately tied to the behavior of domains. In order to better2Ctivation energy for domain wall motion, the mean domain

understand these phenomena, it is necessary to understaidn'ng Iength, and the_ te_mperature—depgndent rate of_do—
ain formation. The variation of the domain properties with

the relationship of the domain properties to the structural, . S
. - S . hickness was found to be controlled principally by the ex-
properties specific to ultrathin films, such as thickness licit dependence of the magnetic anisotropy upon

roughness, and interface formation. A simple and versatil hicknes€ As has been shown for films magnetized

characterization of this relationship is through the concept o n-plane??? susceptibility measurements are also very sen-

thermally activated pinning of domain walls by structural or gtive to structural changes. The present experiments investi-

magnetic inhomogeneities. While this general model haﬁate the effect of interface integrity and mixing on perpen-

been applied with success to ultrathin magnetic films, ther‘%ﬁcularly magnetized films of constant thickness, by using

have been few systematic experimental studies of the linktep-wise annealing. The analysis shows that it is the effect

between model parameters, such as activation energy arf interface mixing on the magnetic anisotropy which is the

pinning length, and relevant structural properties of the filmdominant influence on domain properties. This makes it clear

such as roughness, chemical mixing at interfaces, epitaxyhat it is not only surface roughness which is important in the

structural domains, and terraces. domain dynamics of ultrathin films and multilayers, but
Ultrathin films which are spontaneously magnetized perchemical mixing at interfaces as well.

pendicular to the surface are well suited to the investigation

of these issues. These films form domains spontanebdsly Il. THE CONTRIBUTION OF DOMAIN WALL MOTION

because the magnetic dipole interaction between distant per- TO THE MAGNETIC SUSCEPTIBILITY

pendicularly oriented spins is antiferromagnétié large

range of domain densities is accessible by variation of the The magnetic susceptibility(T) of a perpendicularly

film thickness or temperatufe. Recent studies of magnetized ferromagnetic film results almost entirely from

perpendicularly-magnetized films have characterized the dahe motion of domain walls. This is the result of two effects

mains using hysteresis loop$ spatial images of the that can be traced to the magnetic dipole energy per unit

domains’™*2 magnetic relaxatioh®!* and the magnetic volume of the fim. The anisotropic part of the dipole

susceptibility*>~*" A number of theoretical papers have in- energy gives rise to the shape anisotropy and demagnetiza-

vestigated the link between the domain properties and théon effects in ferromagnets. This, in turn, causes akter-

fine structure of the film, with particular emphasis on film nally measured susceptibility to be insensitive to the diver-

roughness®-2° Others have linked domain formation in gence of thanternal susceptibility at the Curie temperature
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Tc of a perpendicularly magnetized filf.With no contri-
bution from critical fluctuations al., the susceptibility is
dominated by domain formation driven by the isotropic, an-
tiferromagnetic dipole interaction between distant spins.
The densityn of the magnetic domains is governed by
balancing the dipole energy gained by domain formation
against the energy cost of inserting a domain wall. It is given

by?35
_C TEall
n—l—ex;{— 501 )" )

wheret is the film thickness and=2 is a constant whose
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In these expressiorsis the exchange energy per unit length Inverse femperature (K')

due to the relative rotation of neighboring spins within the
domain wall, andK is the effective magnetic anisotropy  FIG. 1. (a) The susceptibility of a 1.5 ML Fe/2 ML Ni/\lL10)
per unit volume.K is given by the difference in energy film which has been annealed to 375 K. Only every fifth data point
when the magnetization is aligned perpendicular to vs parals plotted to allow the line derived from the fits in pafts and(c)
lel to the surfaceK 4=K— has contributions from both © be. seen(b) At high temperature, the suscgptibility has a loga-
the crystalline anisotropy per unit volunke(favoring a per-  fithmic dependence from which the parametein Eq. (6) may be
pendicular moment in these fillpsand the anisotropic dipole fit. (c) At low temperature an Arrenhius plot gives the activation
term (which favors an in-plane momentAll the magnetic ~ €"€"%-
guantities are implicit functions of temperature, so that when
the temperature is varie,. changes and the domain den- ~ Figure 1 shows the real part of the susceptibilityea-
sity varies exponentially. /K .+—0, a spin reorientation sured in phase with the field applied perpendicular to the
transition occurg>26 surface at 210 Hzfor a 1.5 ML Fe/2 ML Ni/W(110) film

If the domain walls are free to move, they respond to thevhich has been annealed to 375 K. In Figa)lthe data is
applied magnetic field in a susceptibility measurement andplotted on a linear scale, whereas a semilogarithmic scale is
give an equilibrium susceptibilifyy®3~ 1/n. However, inho-  used in Fig. 1b). The susceptibility due to freely moving
mogeneities in the films can serve to pin the domain walls sglomains, abovd ~260K does indeed show an exponential
that, on average, the walls move toward the equilibrium statélecrease as predicted by E@) for decreasingK . Since
with a relaxation timer. The motion of the walls is a ther- the precise dependence of the argument of the exponential on
mally activated process whereby parts of the walls becom&mperature is controlled b «(T), it is very difficult to
trapped in “pinning sites” with a distribution of activation calculate from first principles. However, this data is repre-
energies centered &,. For a compact distributions is ~ sentative of all the measurements in that it is well approxi-
given by an Arrenhius law &s mated by the expression

(T)=1o exn( %) , (4) X4T)=Ae “T+B. (6)

where 74 is a constant. In measurements of the magneti@ecausey®®- 1/n, the phenomenological constartrepre-

susceptibility, a magnetic field is applied at a frequency sents the linear term in the expansion of the temperature
but the walls do not respond instantaneously. Assuming thajependence of the exponent in Ed):

the magnetization responds linearly to the departure from
equilibrium yieldg%17
7TEwa|| 1 é’Keﬁ 1 (9F 1 0”0

_1-ie(T) ) ) K= 20t \2Kyg aT 2T T Q aT . 0
= . -0
1+ w?7(T)

x(T)

The real part of the susceptibility exhibits a broad peak at th&he curve fitted to the data in Fig.() usesx=0.0421
temperatureT,, where o7(T,)~1. Above the peak the +0.0006K ! and B is indistinguishable from zero. These
walls are freely moving, but below it their motion is ther- values are the order of magnitude predicted by simple
mally activated. models?!® Figure 1c) shows the data plotted as
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vs 1T, so that the activation energy can be extracted from 22 o6k
the slope at low temperature. This gives= 3190+ 20K for g g 05k
this trace. Using these fitted parameters in &J.yields the g% 04 E
curve plotted with the data in Fig.(d). § :‘%’_ 0.3 f
The activation energy can be interpreted in terms of the o5 0.2k
magnetic properties using a theory due to Brenhal® They 94k E
model the pinning of domain walls as a one-dimensional L= Y T N W TP TR
sinusoidal effective potential with a peak-to-peak amplitude 300 400 500 600 700 800 900
given byE,. The mean characteristic length associated with Annealing temperature (K)
the pinning sites ig. In ultrathin films, the pinning may be 07
caused by variationAE,,,, in the domain wall energy due to 2 06Lb) Layer attentuation = 0.60
thickness variations as small as 1 ML, as this can represent a T 05F 8%’_
large proportion of the total thickness. Close to the reorien- ; 04 F 3
tation transition in perpendiculary magnetized films, where 5 03F 3
Ke— 0, the domain wall width in Eq(3) gets very large. If § 02f 3
|~ ¢, the domain wall averages over the pinning sites and AN 3
reducesAE, 4 by a factor of¢/l. Ther? L 00 . . —
te (¢ 2 0-to0 400 500 600
E,=— —AEwa”) . 9 Annealing temperature (K)
EWall |

This model has been used successfully to describe pinning as FIG. 2. (a) The coefficients for fitting Auger electron spectra to

a function of film thickness with thickness steps of 1 e a linear combination of basis spectra for a bare substrate and thick
" film, are plotted as a function of the temperature to which the film

has been annealed. For annealing below 600 K, the linear change in
the Ni and Fe coefficients, while the coefficient for the W substrate
The films were grown using molecular beam epitaxy in a’eémains constant, iqt:!icates that the Fe/Ni interface i§ peing mix.ed.
UHV system with a base pressure o&<20 X Torr. A (b) The amount_of Ni in the top layer mphec_i by the mixing seen in
W(110 single crystal with a miscut less than 0.4° was pgrt (@, accordlng_to a model described in the text. Curves for
cleaned by cycles of heating in oxygen and flashing to 26061n‘ferent assumed inelastic mean free paths of the Auger electrons
K. The growth of the films is described in detail elsewh@re. are shown.
The first layer of Ni was evaporated with the substrate at 550
K and was then annealed to 700 K. A second Ni layer wagrovide information about the morphology, thickness, and
grown at 360 K, followed by iron deposition at 350 K. The distribution of the iron and nickel. The film was then an-
films show a perpendicular moment up to the Curie temperanealed to successively higher temperatures for one minute
ture when the iron thickness 2 ML.?® Some information on  and the measurements were repeated.
the fine scale structure of the films is available. The 2 ML Ni  In order to infer the structural changes upon annealing,
seed layer wets the tungsten substrate very fielhd the Fe each Auger electron spectrum of the iron and nickel peaks
grows nearly layer-by-laye¥. The LEED patterns are sharp was fit to a linear combination of the spectra for a bare 2 ML
up to 3 ML Fe growth, after which a gradual evolution to bcc Ni/W(110 film and a 3 ML Fe/2ML Ni/W(110 film. The
iron occurs and is completed by 12 ML. Some mixing of thecoefficients of the fits foa 1 ML Fe/2 ML Ni/W(110) film
last Ni layer and the first Fe layer, as grown, was found usingre plotted as a function of the annealing temperature in Fig.
angle-resolved Auger electron spectroscdbffhe amount 2(a). The attenuation of the tungsten spectra were found by
of mixing is approximately 15%. comparison to a spectrum taken from cleal\d0). At and
The ac magnetic susceptibility of the film was measurecbelow an annealing temperature of 550°C, the constant
in situ using the surface magneto-optical Kerr effecttungsten signal indicates that the thickness of the films is not
(SMOKE) in the perpendicular geometry. The apparatus hashanging. Above 550 °C, the rapid increase in both the tung-
been described in detail elsewhéteThe ac magnetic field sten and nickel signals, accompanied by a decrease in the
was applied perpendicular to the surface using a frequency dfon signal, indicates that the iron layer and the top nickel
210 Hz and a peak amplitude of 12.5 Oe. Tests using &ayer are forming thicker islands on top of 1 ML Nifd10),
smaller field amplitude confirmed that the shape of the realvhich is stable up to much higher temperatures. This inter-
part of the susceptibility curve was not distorted by nonlineapretation is confirmed by the appearance of the distinctive
field effects. However, unexplained quantitative discrepanfeconstructed LEED pattern of 1 ML Ni/{f¥10 in this
cies between the theoretical and observed imaginary part singe of annealing temperaturésResults fo a 2 ML film
the susceptibility(not discussed herecould indicate a de- were similar.
parature from linear response. The susceptibility was mea- Below 550 K, the more gradual change in the Ni and Fe
sured as a function of temperature from 200 to 350 K, andAuger electron signals suggests that mixing is occurring,
Auger electron spectra of the tungsten pe@k&0-190 eY  with Ni coming to the top layer, and Fe moving to the second
and the iron and nickel peak85—75 eV were recorded to layer. The roughly linear trend in the data begins at the

IIl. EXPERIMENT AND SAMPLE CHARACTERIZATION
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FIG. 3. The measured susceptibility of two films which have
been stepwise annealed to the temperat@ikgsindicated beside
each trace(a) is for a 1 ML Fe film andb) is for a 1.5 ML Fe film.

350 400 450 500 550
Annedling temperature (K)

o o ] FIG. 4. (a) Activation energie€, and(b) decay constants of
growth temperature, Conflrmlng that some mixing OCCUTS IMfiims as a function of the annealing temperature. The open symbols
the films as grown. An estimate of the degree of mixing cargre for 1 ML Fe films, and the solid symbols are for 1.5 ML Fe
be made using the data in Fig@2 and the exponential at- films. The solid line in(a) is the model described in the text.
tenuation of Auger electrons with thickness. Using the lines ] ] ]
fitted to the linear portions of the curves in FigiaR the  They illustrate a behavior found in all the measurements—
Auger signall (T,) after annealing to temperatui, was the first annealing step above the growth temperature results

expressed as the linear combination in a sudden downward shift{40 K) in the temperature at
which the susceptibility peaks, accompanied by a substantial
[(Ta)=alzrenit Blani- (100  increase in the peak value gf and a decrease in the peak

width. Subsequent annealing steps produce a more continu-
'ous evolution of the susceptibility, with the peak temperature
varying less. Finally, the susceptibility disappears upon an-
nealing to 550 K. These different behaviors suggest that
I(T,)= 9l Y (11) there are three different microstructural changes involved.
a) = YIFel2Ni™ OINilFelNi: While the first annealing step produces little additional inter-
The coefficientsx and 3 are related toy and § by summing  face mixing, it is likely to allow lateral motion of surface
the expected Auger electron signal from each layer, witratoms and to reduce surface roughness. This could cause the
appropriate attenuation by expl/\) per layer on top of the initial shift in y. Subsequent annealing causes incremental
emitting atom. In this expressiob, is the thickness of one mixing at the interface, giving a more continuous evolution
layer and\ is the inelastic mean free path. The degree ofof x. Finally, Fig. 2a) indicates that at and above an anneal-
mixing is then given by/(y+ 8). Choosing a small range of ing temperature of 550 K, where the susceptibility disap-
inelastic mean free path consistent with the “universal” pears, the film structure breaks down. The lack of magnetic
curve gives fractional mixing of the iron and nickel which response may be due to a superparamagnetic response of the
lies within the physically possible range of 0 to 50%. Thesethicker islands above the blocking temperature. It may also
are shown in Fig. @). In particular, choosing a value of be because the remaining 1 ML Ni(d10 is magnetized
exp(—b/\)=0.65 gives mixing near 15% for the as-grown in-plane or has a Curie temperature below 200 K.
films (in agreement with experimenand mixing of near A quantitative analysis of the susceptibility curves sup-
50% at an annealing temperature of 550 K where large scaleorts these ideas. Each curve was fit to E@.and (6),
motion of the upper layers occurs. This internal consistencysing the method illustrated in Fig. 1. The resulting values of
suggests that Fig.(B) gives a reasonable estimate of the Ea and « are plotted in Fig. 4 as a function of annealing
mixing of the top two monolayers as a function of the an-temperature. All the films exhibit an initial increase in both

To infer mixing, the signal was also modeled as a linea
combination of basis spectra from 1 ML Fe/2 ML Ni and 1
ML Ni/1 ML Fe/1ML Ni films

nealing temperature. E, and«, followed by a continuous decrease upon annealing
above 400 K. This clear and consistent reversal strongly sug-

IV. RELATION OF THE DOMAIN PROPERTIES gests two different mechanisms related to the film micro-
AND EILM MICROSTRUCTURE structure. In the case of the activation energy, it is reasonable

that a reduction in surface roughness during the first anneal-
The magnetic susceptibilities for two representative filmsing step would increasé, the mean separation of domain
are shown as a function of annealing temperature in Fig. 3pinning sites, and lead to an increaseEinin Eq. (9). When
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mixing occurs at higher annealing temperatures, the iron/
vacuum interface which supports a perpendicular surface an-
isotropy will be partially replaced by a nickel/vacuum inter-
face which favors an in-plane surface anisotrdpy.
According to Egs.(9) and (2), a reduction in the surface
anisotropy will reduce the activation energy.

It is more difficult to comment on the detailed behavior of
k, since analysis using Ed7) requires knowledge of the
temperature dependence of magnetic quantities for the struc-
ture at each annealing temperature. Qualitative arguments
can be made by noting that the temperature dependence
within the brackets should be relatively insensitive to anneal-
ing, since all the temperature derivatives are self-normalized
and all the measurements &efare made in the same tem-
perature rangg\While the anisotropy term has a significant
temperature derivative, it is the normalized change in this
derivative between annealing steps which is releyditere-
fore, changes ink upon annealing should be governed
mostly by the prefactor. As the interface mixing occurs, the
surface anisotropy is reduced and so is the prefactor in Eq.
(7), in agreement with the data. However, the initial increase
in k observed for lower annealing temperatures is unex-
pected. Since is related to the rate of change of the density
of freely movingdomain walls, it should not depend upon
changes in the surface roughness. FIG. 5. Calculated magnetic energiefsaol ML Fe/ 2 ML Ni/

In order to further test these ideas, model calculations ofw(110 film as function of the mixing of the top two layer®) The
K(T,), I'(T,), andQ(T,) have been performed. The model surface anisotropK is interpolated from experimental data using
consists of a 3 ML fcc film where the first ML of Ni remains Néel's model. The three solid curves give a range spanned by the
at the interface of VL10) because of its greater thermal experimental uncertainties. The effective anisotréy is plotted
stability. The second monolayer of Ni and top monolayer ofas a dashed linéb) The anisotropic dipole energeft scale and
Fe mix by random atomic exchange. Thus the annealed filméxchange energy in the domain waltight scalg. (c) The activa-
have a top layer with a fractioi of Ni atoms and (1 §) of ~ tion energy of pinning sites according to Ed2) is shown by the
Fe atoms, and a second layer with reversed concentration20lid line. The dependence on the pinning correlation lergias
No correlated movements of blocks of atoms occur. Since affeen removed. The dashed line gives the prefactor téZgwhich
the magnetic atoms in the ultrathin films studied here are df "élated to variations ir.
either a surface or interface, each has a first order contribu- . .
tion to the magnetic anisotropy due to nearest neighbor inglll) m_terface or surfac,e between _magne(hm) and non-
teractions in the Nel model®* The volume anisotropy due to Magnetic(n) atoms, the Nel model gives
longer range interactions, and any contributions due to strain 3
are neglected. In this approximatiok=K/t, whereKg is Ke=—(Lm m— 2Ly n)Sir? 6, (14)
the surface anisotropy per unit area. The explicit thickness 4 ' '
dependence in this model can be used to evald&ig,, by
differentials using Eq(2). Then Eq.(9) yields
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The surface anisotropy is interpolated from experimental
data using the formalism of Nés pair modef® The surface
anisotropy contributed by thigh magnetic atom is given by

lThe values of the pair coupling;; were derived from
experimental values of the surface anisotropy at
room temperature. UsingK, from vacuum/Nj111),%
NN vacuum/Ni/W110),%6 vacuum/Fe/Ni/W110),%’
Ki=> 7L (fi- N2, (13  Vvacuum /Fe/C(L11 3and Fe/C(1]) (Ref 39 interfaces in
] Egs. (14 and (15 allows the extraction of Ly;y;

. . ) ] =—0.25 meV/atom, Lgers=0.53 meV/atom, Ly;iw
Wherel_iyl- is the coupling constant with nearestA-nelghbor at-——0.19 meV/atom, and Lee n=0.18 meV/atom near
omsj, r; ; is a unit vector joining these atoms, alldis a unit ~ room temperaturg.The Fe/Cu data is used to obtain approxi-
vector in the direction of the magnetizationis equal to 1/2 mate values for fdd11) Fe] The anisotropy for the mixed
when both atoms are magnetic or is equal to 1 when only onélm can now be found by summing E(L3), and the differ-
atom is magnetic; this eliminates double counting of the pairence in the anisotropy for magnetization perpendicular to
wise interactions. For the case of a perfectly ordered fcand in the surface plane is plotted in Figap The three
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curves indicate a range allowed by the quoted errors in thehown in Fig. %c) is the prefactor of Eq(7), which should
experimental results. The curve moves from positive anisotapproximate the relative changesdnSince this depends on
ropy when the top layer is primarily Fe to negative anisot-a lower power oK than the activation energy, it falls more
ropy when the top layer is primarily Ni and the magnetiza-sjowly with mixing, in qualitative agreement with the experi-
tion would lie in-plane. While the systems are not strictly mental results.
Comparable, th|S iS Similar to measurement“@ﬁn FeN| These resu'ts can be Compared to the annea"ng experi_
alloy films on Cu111).* _ ments by using the approximate correspondence between
The exchange constart is also related to a nearest iing and annealing temperature in Figb2 Choosingt/a
neighbor pairwise mteracupn, the Heisenberg exchange INt&3ear 110 for the annealed films, and 75 for the as-grown
gralJ; ;. The Niand Fe spins are treated as classical vectorg g gives the model curve for the activation energy plotted

Stali[gnfe d :.it zero temferatlflre. L qﬁat;%ispegsi&n cohy Fig. 4@. The good qualitative agreement confirms that
stant of spin waves at smafl wave ve ) an € the interface mixing is driving the changes in domain prop-

magnetic moments {gsugS) were used to calculate erties. A closer quantitative agreement can be easily

32‘{32?3}' J ‘Sgla&ndi‘yfbﬁ%e‘by siclatﬁr:(g] A}”gﬁ;"g‘;”:ﬁée achieved by increasing, or decreasing)(T), but given the
HI.Pe=Ni “Fe NI, I =Ni approximations involved in the calculation detailed fit-

ratio of T, for ultrathin equal concentration FeNi alloy films . o .
and Ni films?*2 For layered and mixed films, an average ex-ing to the data is not justified. These values give

change can be defined as (gla)(.AEwa”/_Ewa_”)~1/2 and Bruno’s quel of_ the p_inning
potential, which is based on an expansion using this param-
1 1 N NN eter, is within a valid range. The§~275A, within the
EJeﬁ|Seﬁ|2=2—NbZ > 3,S-S, (16) range of pinning correlation lengths seen in other
[ J

studie'>14If ¢ is identified with an island size or terrace

wherej runs over the nearest neighbors of the atom atisite 1€ngth, then the films are very smooth and the changes in
andN,, is the number of nearest-neighbor bonds in the sum@nisotropy due to surface roughness are negligfbié The
For an fcc structure with conventional cubic cell length of 9ood qualitative agreement between the calculation and the
a,, the exchange energy per unit length of domain wéfl is measurements support the model of Brwetal, and indi-
cates a direct link between surface smoothing and interface
4 ) mixing and the changes in the domain wall properties.
I'= a—oJeff| Serl*- 17 In a further test of these ideas, films were intentionally
grown with a morphology which differed from those ana-
This result is plotted in Fig. ®) as the dashed line. It shows lyzed above. For these films, the first monolayer of Ni was
little variation with mixing, in agreement with experimental not annealed before subsequent Ni and Fe layers were
studies of ultrathin NiFe alloy film& which show no fcc to grown. This is known to produce a Ni substrate with more
bce structural change with alloy concentration, and onlyincomplete layer filling and a much greater island nucleation
modest changes if . density?® and should lead to more interface mixing and a
Finally, the effect of mixing on the shape anisotropy wasshorter separation of pinning sites in the film as grown. The
calculated, using the anisotropic term in the dipole energy. IBusceptibility measured for this film is shown in Fighh
order to average over all atomic configurations, effective atiabeled “A.” The peak is approximately 80 K lower in tem-
oms with a momentu= uy;i+ (1— ) upe Were used, for  perature than the films in Fig. & was not possible to find
example, in the top layer. The result is also shown in FigE, because of the limitations of the sample cooling arrange-
5(b) as the solid line. Because of the long range nature of theneny, and illustrates again the sensitivity of the domain for-
dipole interaction, this term depends very little on mixing. mation to film morphology.
Since the susceptibilities were measured-@70+ 30 K and As a result of this sensitivity, the dependence of the peak
the measurements &f; were made near room temperature temperature upon the film thickness first presented in Ref. 28
as well, the dipole term must be corrected to this temperatureas been remeasured. These results are given in Fiy. 6
beforeK o can be formed. Usirf§ T.~325+20K, and the where the solid symbols represent measurements from the
Ising exponen{B=1/8 givesQ)=0.64)(T=0), and results earlier investigation and the open and cross symbols are the
in Kes @s shown as the dashed line in Figa)5Values ofKs  present measurements. The cross symbols represent films
near the upper boundary allowed by the experimental error isvhere annealing of the first Ni layer was intentionally omit-
Fig. 5(a have been chosen for this calculation. In this wayted. At low temperature the films are perpendicularly mag-
Ke— O for a Ni rich top layer and no spin reorientation is netized, with the plotted peaks showing roughly where the
predicted upon annealing, in agreement with the traces iperpendicular domains become freely moving. At Fe thick-
Fig. 3. nesses greater than 2 ML, the domain phase leads to a spin
Placing all these results in E¢l2) gives the activation reorientation transition, with the region of in-plane magne-
energy as a function of the mixing of the top two layers fortism sketched using a dashed I#feThe lines through the
At=1 ML. This is shown in Fig. &). [A factor of (¢/a)®is  data are guides to the eye. An unexplained dip in the peak
removed, wherea is the nearest-neighbor distanc&he  temperature near thicknesses of 1 ML seen in the earlier data
simple model calculation indeed shows tlgtfalls quickly  is not reproduced. Comparison of the susceptibility measured
and continuously upon mixing of the Fe and Ni layers. Onlyearlier for a thickness of 1.25 Fe Mlabeled “B” in Fig. 6)
for Ni rich surfaces beyond equal mixing does the curveto that measured without annealing the first Ni laflabeled
begin to increase due to the predicted reorientation. AlsGA” ) suggests that the dip was the result of an unintentional
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400 ' - : : tracking of the reorientation by domain properties depends
q) sensitively on the way in which sample morphology affects
B 350 e ; the domain properties is not surprising.
% é ce ) =
o =300
% 5 V. CONCLUSIONS
£ § 250 Analysis of Fe films grown on 2 ML Ni/Md10 has dem-
Qo 3 onstrated again that interfacial smoothness has a profound
200 , .. 8B, : - effect on magnetic properties of ultrathin films—in this in-
00 05 10 15 20 25 30 stance upon the formation and motion of domain walls in
Fe thickness (ML) on 2 ML Ni/W(110) perpendicularly magnetized films. The magnetic susceptibil-

ity of 1-1.5 ML Fe films was found to be dominated by
domain wall motion, and a simple analysis yields the activa-
tion energy of sites which pin domain walls, and the tem-
perature dependence of the equilibrium domain concentra-
tion. The susceptibility and activation energy are strongly
dependent upon the temperature to which the films are an-
nealed, and thus upon the smoothing and interface mixing
that annealing produces.
. ‘ ‘ \ Qualitative and quantitative analysis of the data, and cal-
200 250 300 350 400 culations based upon the model of Bruebal.? provide a
consistent picture of the link between the domain wall prop-
Temperature (K) erties and the film structure. Pinning is caused by changes in
FIG. 6. (a) The temperature at the peak of the susceptibility isthe domain wall energy at atomic steps. Annealing of the
plotted as a function of the Fe thickness. Solid symbols are dat@S-grown films increases the mean separation of pinning sites
from Ref. 24, and open and cross symbols are data from the preseffid leads to an initial increase in the activation energy. Fur-
study. The cross symbols are from films where the first Ni layer wagher annealing causes mixing of the Fe/Ni interface, which
not annealed(b) The susceptibility for the points labeled A and B. reduces the activation energy by reducing the surface anisot-
ropy. The reduction of the surface anisotropy also leads to an
variation in the sample growth procedure for a few points inincrease in the equilibrium domain density. After annealing
this very sensitive thickness regime. to a sufficiently high temperature the film breaks up to form
A more subtle question is the cause of the topologicathicker islands which do not give a magnetic response in the
similarity of the plot in Fig. 6a) (once points B are omittéd temperature range accessible in these experiments.
to the phase diagram for the spin reorientation transitigfl.
The present studies, and oth&r8,suggest an indirect link-
age through the magnetic anisotropy. A decrease in the an-
isotropy decreases the activation energy, and thus lowers the We are pleased to thank M. Kiela for technical assistance
temperature at which the susceptibility has its maximumuwith the experiments and C. S. Arnold for a critical review of
Similarly, a decrease in the anisotropy leads to a lower temthe manuscript. This research was supported by the Natural
perature for the reorientation transition. That this indirectSciences and Engineering Research Council of Canada.
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