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Magnetic susceptibility measurements near the multicritical point of the spin-reorientation
transition in ultrathin fcc Fe (111)/2 ML Ni/W (110 films
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Iron films grown on a two-monolayer Ni/Y¥10) substrate undergo a temperature-driven spin reorientation
which can be followed experimentally from a low-temperature, perpendicularly magnetized monodomain state
all the way to the high-temperature paramagnetic state without a significant change of the atomic structure.
Measurements of the magnetic susceptibility, using the magneto-optic Kerr effect, give the entire temperature
vs thickness phase diagram for the spin reorientation, including measurements close to the multicritical point
where the reorientation and Curie temperatures are equal. The technique is particularly sensitive to the forma-
tion of the perpendicularly magnetized domains associated with the spin reorientation and reveals that films
with a thickness in the neighborhood of the multicritical behavior also display a maximum in the temperature
at which domain formation begins. Thinner films undergo the transition from ferromagnetic-to-paramagnetic
behavior directly from the domain state, but no signature of the critical temperature itself is seen in the
magnetic susceptibility.S0163-18207)03937-4

I. INTRODUCTION films grown at low temperature. They found that the tem-
perature at which the reorientation occurred decreased with
The spin-reorientation transition is a fascinating magnetichickness and that a temperature radge~ 20 K of negli-
ultrathin-film phenomenon which depends on the interplay ofgibly small remanence accompanied the reorientation. The
perpendicular magnetic anisotropy, spin fluctuations, and dareduced remanence was subsequently shown by spin-
main formation. Following an early prediction of Bl¢ ex-  polarized electron microscopy to be due to an instability
periments have shown that the reduced symmetry of an ulkgainst the formation of small domafri8 of perpendicular
trathin film can lead to a magnetocrystalline anisotropymagnetization below the spin-reorientation temperaflige
which favors a perpendicular orientation of the magnetic moand not due to a loss of magnetizatidrStudies of fcc Co/
ment and is even able to overcome the shape anisotropy (111 also demonstrated the importance of domain forma-
very thin films. Numerous studig$iave further shown that tion in spin reorientatiod? but these studies were made as a
as the film thickness is increased at constant temperature, tifignction of film thickness because of the thermal instability
relative magnitudes of the magnetocrystalline and shapef the films. A temperature-driven reorientation is observed
anisotropies are reversed, leading to a reversal of the sign ®r bcc Fe/Ad001).” For this film system, Qitet al® were
the perpendicular anisotropy, so that the magnetic momerable to plot a partial temperature vs thickness phase diagram,
reorients to lie in plane. While the change in the shape anshowing the magnetic order-disordgre., ferromagnetic to
isotropy with film thickness is relatively simple to calculate, paramagnetic phase boundary at low thicknesses and the
the magnetocrystalline anisotropy is usually treated as a phepin-reorientation phase boundary at greater thicknesses. The
nomenological functional which depends implicitly on the temperature vs thickness phase diagram has also been inves-
film structure, strain, temperature, and other variables. Thusgated theoretically. A continuum, mean-field theory of the
one may speak loosely of spin-reorientation transitiongerpendicularly magnetized domains found three distinct do-
which are driven by, for example, structural transitidns, main structures in the approach Tg from below!® Renor-
strain in the film? or temperaturé-® The first two categories malization group calculations,which neglected domain ef-
are examples of the complicated interplay between filnfects, predicted an intermediate thickness range containing
structure and magnetism which is of great current interestoth a maximum inTg and a multicritical point where the
The last category is in a sense more fundamental, since tharder-disorder and spin-reorientation transition boundaries
spin reorientation results from thermodynamic considerimeet. Unfortunately, there are no measurements in these
ations within a fixed structure and is inherently related to thehickness and temperature ranges.
role of fluctuations in a two-dimensional magnetic system. The present paper reports a study of the magnetic proper-
As a result, a great deal of effort has been expended on thées of fcc F€111) films grown on a two-monolayg@2-ML)
theoretical description of the temperature-driven spinNi(111)/W(110 substrate. This system proves to be an ex-
reorientation transitioh’~*3It has been possible to study in ample where a single film may be followed through both the
detail only a relatively few experimental systems showingspin-reorientation transition and the subsequent order-

this behavior. disorder transition as the temperature is raised. A combina-
Pappaset al® provided experimental evidence of tem- tion of structural stability and weak intrinsic magnetocrystal-
perature-driven spin reorientation, using fcc Fe@i) line anisotropy moves the critical Fe film thickness for spin
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reorientation to much lower values than in other systems, s@ 210-Hz ac field wittH ., oriented along one of three mu-
that the Curie temperature remains below the limit of filmtually perpendicular directions labeled with respect to the
stability and allows the complete temperature vs thicknesgv(110) substrate, givingy, , xoo1, and x110. Real and
diagram to be investigated, including the multicritical region.imaginary parts were measured Sequentia”y_ App||ed field
In this study, the magnetic characterization is accomplishedmplitudes were usually 15 and 6 Oe for perpendicular and
by measuring the magnetic susceptibility of the film. Sincejn-plane measurements, respectively. The optically calibrated
this quantity is sensitive to magnetic orientation, domain for-measurements gave rms Kerr rotations of order gfrad.
mation and motion, and critical phenomena, it is a powerfulapproximate SI magnetic calibrations were made by assum-
probe of the reorientation transition. The paper is dividedng the magnetization of bulk Fe and comparing the cali-

into three further sections. In Sec. Il, the film structure andbrated Kerr rotation to the rotation per monolayer in satu-
method for measuring the magnetic susceptibility are rerated hysteresis loops.

viewed. Section Il contains the experimental results and dis- For low coercive fields, the regin-phase part of the
cussion, and Sec. IV presents conclusions. susceptibility measures the saturation magnetization, while
the imaginary(quadraturgpart measures the remanent mag-
netization or, equivalently, the presence of dissipation
through hysteresi€. Both components fall off when the co-
Use of a N{111)/W(110 substrate for the growth of Fe ercive field grows much larger than the applied field. At the
films was undertaken as part of a search for a method t@urie temperature of an order-disorder transition, the internal
grow fcc Fe films which displayed a simpler growth processsusceptibilityxw= dM/dH; diverges. In thin films, the in-
than that observed using a (001) substraté® Use of the Ni ternal field is itself strongly influenced by the magnetization
buffer film results in good wetting and reduces the mixing ofthrough the demagnetization fielth;,=Hex— NM, where
Fe into the substrat®.Use of the(111) orientation matches N is the demagnetization facttAs a result,
the surface plane to the crystallographic transition front for
the martensitic transition in bulk Fe, so that the inevitable fcc Xext=Xint/ (1 Nxiny). 1)
to bcc transition in the Fe films occurs through a continuousFor an infinite, flat filmN,=0 for H,JIM in plane, and at an
evolution of the surface cell geometry and stacking positionprder-disorder transition Re.,¢ diverges to form a narrow
rather than through the complicated faceting and rougheningeak of order 1&-10" SI units, located close to the critical
process seen for Fe/(01).'" Angle-resolved Auger elec- temperatureTc. Im{ye, has a peak just beloWc, where
tron spectroscopy and scanning tunneling microstbpgn-  the coercive field is less than the applied field and goes to
firm that an annealed, 2-ML Ni buffer permitS the grOWth of zero when remanence disappears‘fét The in-p]ane sSus-
high-quality fcc Fe, but that a 1-ML Ni buffer gives growth ceptibility may be measured using the longitudinal geometry
similar to the bcc Fe observed for growth directly onfor the Kerr effect. ForH4lM normal to the surface, the
W(110. The first 3 ML of Fe grow in a nearly layer-by-layer polar Kerr effect is used. Sind¢, = 1, the divergence of;,
fashion on the 2-ML Ni/W110) substraté® The propagation  at an order-disorder transition causes— L/N, ~1, so that
of strain from the bcc WL10) substrate results in a slightly the measurement is insensitive to the transition. In contrast,
strained fcc(111) lattice which has twofold in-plane rota- far pelow an order-disorder transition the susceptibility is
tional symmetry, similar to the Ni bufféf. At an Fe cover-  gerived from changes in the domain-averaged magnetization
age of 4 ML, a surface cell intermediate to fcc and bcc firstgye to domain wall motion which is driven biyle,. The
appears. Other details of film growth and structure have beegemagnetizing factor in Eq1) does not play a role in this
reported elsewher€. _ _ _ _ process. For perpendicular magnetization, the polar suscep-
Previous magnetic studies of NifdL0 films using a tipjlity due to domain effects does not saturate and, therefore,
magnetic resonance technidliéndicate that a 2-ML film  gominates the total signal. For in-plane magnetization the
has an in-plane moment with an order-disorder temperatur@_plane susceptibility due to domain effects is dwarfed in
Tc approximately at room temperature. The 2-ML Ni films the presence of a diverging critical susceptibility. The two
used in this study showed no order-disorder transition in theneasurement geometries are therefore most sensitive to dif-
susceptibility at temperatures above 200 K. Because thgyrent magnetic phenomena. Measurementg afe particu-
finite-thickness scaling of the Curie temperature is very steeyrly well suited to the study of the spin-reorientation transi-
in this thickness range, a small difference in thickness calition, since they are sensitive to domain formation and

bration may account for the discrepancy. A preliminary gomain wall motion in perpendicularly magnetized films.
survey®?! of the magnetic properties of the Fe/2 ML Ni/

W(110 films showed that they are perpendicularly magne-
tized at and below a coverage of 1 ML. The present mea-
surements of the external magnetic susceptibiljy,; Figure 1 presents the re@) and imaginary(b) parts of

= 9M/JH ., were made using the Kerr effééto detect the the magnetic susceptibilities for all three field orientations,
variation /M upon application of a small external field for a 2.25-ML Fe film on 2 ML of Ni/W110). The measure-
modulation dHe,. An existing dc Kerr apparatés was  ments are reversible as long as the temperature does not ex-
modified for the ac Kerr effect measurements by incorporatceed 400 K. The polar susceptibilities have been multiplied
ing lock-in amplification techniques with special attention toby a factor of 70 so that they can be viewed on the same plot
optimization of the signal-to-noise ratfd.Stray magnetic as the in-plane measurements. At low temperatures, it is
fields were eliminated to order 10 mG by three pairs of largeclear from In{x} that the film displays remanence in the
mutually perpendicular coildn situ magnet coils generated polar susceptibility, but not the in-plane susceptibility, and is

Il. EXPERIMENTAL METHOD

Ill. RESULTS AND DISCUSSION
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: gests that there is some cancellation of the contributions
1500 — 2,2ML 1,76/2 N,ILNI/,W(HO.) ——r from the three surfaces involvedHV/Fe, Fe/Ni, and Ni/
r . ] W). This seems reasonable, as N{M/O films have nega-
1200 rRe(y, )x70 ~ -~ ] tive (i.e., favoring in-plangsurface anisotropy and the posi-
t (a s “Re(ys,.)"" ] tive surface anisotropy of Fe/CLL1) is roughly half as large
> 900 ~( ) ;"'. % (nio) Re(tgo1) ] as that of Fe/C®01) or Fe/Ag001).?” Because the Fe film is
= 600 F ‘-... . . ] thinner when reorientation occurs, the Curie temperature is
= : L Y ] relatively low and allows the spin-reorientation and order-
g 300 X ”"' . disorder transitions to be observed sequentially on the same
% b '«-"“","\")T "_}\I\'\ . ] film without altering the metastable structure. The detailed
I U — T behavior of the susceptibilities can be interpreted using the
% 1500 ——————— domain model of Abanoet all° They calculated a reduced
23 E (b) ] (i.e., unitlesy magnetizatiorm, which results from the dif-
< 1200 : ] i i i in wi
< _ : Im(%p) 7 ference in the spin-up and spin-down domain widths upon
§ 900 : - E the application of a reduced external magnetic field strength
177) F . 1 . . .
(3 . . 3 h. In this mean-field domain model, the external polar sus-
600 F Im(x1,0) * 3 ceptibility in the limit of smallh is
- Im(y, )x70 " ]
300 £ é . ; Xi=dmioh=[(mHQn* (M), T<Tz, @
0 b .3 ]

where(} is the dimensionless scale of the dipole interaction
150 200 250 300 350 400 450 energy anch* (T) is the linear density of domains. The au-
Temperature (K) thors show that near the spin-reorientation temperature, as
. o . the perpendicular anisotropy approaches zetd,T) grows
FIG. 1. Magnetic susceptibility of a 2.2-ML Fe film grown on a exponentially, giving a temperature rang@ of complicated

2-ML Ni/W(110 substrate.y is measured for applied fields ori- yomain patterns which exhibit greatly reduced remanence.
ented along three mutually perpendicular directions referred to th%

surface of the W substrate. The estimated scale assumes the buI||<gure 1 glveS&TNZL.O K, in rough agre_ement with measure-
O . ments using small fields on other Fe film system&Equa-
magnetization of iron.

tion (2) shows that Rfy,} decreases as the domain density
therefore perpendicularly magnetized. Although the magniincreases in the approachTgq, in agreement with Fig. 1. At
tude of Réy,} is relatively small, it is nonetheless much lower temperatures, the model predicts a single-domain state.
greater than unity and, taken in conjunction with remanenceAt sufficiently low temperature, the experimental{Rg is
must represent the presence of perpendicularly magnetizegpverned by the coercive field and increases with tempera-
domains. This is consistent with the broadness of the peak iture. A peak in Rgy, } is formed at the intersection of these
Relx. }. To interpret this peak as an order-disorder transitiorfwo limiting behaviors and should be a reliable, although
is unphysical, as it required, <0.05 in Eq.(1). A perpen- approximate, indicator of the formation of the domain phase
dicular remanent magnetization is detected ifjm up to  from the single-domain state.
280 K, after which there is a gap from 280 to 322 K in which ~ The purely real response jy; 1o near the spin reorienta-
no remanent magnetization is detected. At higher temperdion is likely related to imperfections in the 2-ML Ni buffer.
tures, remanence reappears in plane, as indicated by a pelkED (Ref. 19 results indicate that Fe grown on a 1-ML Ni
in Im{xgos}, demonstrating that the spins have reorientecpuffer is poorly ordered, and scanning tunneling
along WO001] or, equivalently, thg011] direction of the m'CFOSCOF’ﬁB images show that the growth morphology is
strained fcc Fe. Comparison to the low-energy electronSimilar to that seen for bee growth directly on(¥40). Fig-
diffraction (LEED) patter® shows that the magnetization Uré 4@ shows Réyx} measured for a 1.5-ML Fe film grown
lies along the direction of in-plane compressive strain in the?" @ 1-ML Ni buffer. R¢y1o} indicates an in-plane magne-
films and perpendicular to the direction of in-plane tensiletization along W110], as is seen for Fe grown directly on
strain. These strains are apparently sufficient to create W(110.% The width of the peak at the order-disorder tran-
uniaxial in-plane anisotropy. The form afy; conforms to  sition at 345 K is consistent with E¢L) with Ny~0 and the
that expected near an in-plane order-disorder transitiorsmaller ac field modulation of 2.0 Oe used in this experi-
Im{x0o1t gO€S to zero very near to the temperature of thement. Data for Fe grown on 1.5 ML Nihot shown reveal
peak in Réxoor, giving Tc=342+2 K. The considerable simultaneous remanence along the surface normal and
width [full width at half maximum(FWHM)=25 K] of the = W[110], consistent with distinct magnetic behavior on the
latter peak is attributed to the large ac field of 6.0 Oe used foregions of 1 and 2 ML Ni. Although use of an ideal 2-ML Ni
this particular measuremefft.In the region of zero rema- buffer should result in only fcc Fe, scanning tunneling mi-
nence, there is also a purely real responsgify, which is  croscopy image$ of a 2-ML Ni buffer show small regions
discussed later. of size <10 nm of 1- and 3-ML Ni thickness, comprising
In overview, it is clear that a spin-rearientation transition about 5% of the film. We speculate that Fe grown on 1 ML
occurs at an Fe film thickness of ondy2 ML, whereas at Ni in these regions may continue to give a weak, nonrema-
least 4—6 ML are required for Fe/A@01) (Refs. 7 and B nent response in Rg;1of when surrounded by the predomi-
and Fe/C(001).5~" This indicates that the perpendicular nant fcc Fe portion of the film. As can be seen in Fig. 1, this
magnetic anisotropy of this system is rather weak and sugresponse displays a broad peak just belw Apparently,
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600 3 ] Fe coverage on

. ; 2 ML Ni(111)/W(110) (FCC ML)
400 ¢ Re{xio} ;
200 :_Im{Xl}Xlo 10 3 FIG. 3. Schematic phase diagram of the spin-reorientation tran-
E \ 3 sition in Fe/2 ML Ni/W(110. The solid dots connected by a dashed
0" line are the peak positions of Beg} and are a rough marker of the

150 200 250 300 350 400 450 formation of the perpendicularly magnetized domain phase. The
open circles connected by a solid line are locations where the
Temperature(K) imaginary part of either the perpendicular or in-plane susceptibility
becomes zero. The boundaries of the in-plane phase are labeled as
the reorientation temperatufey and Curie temperaturé.. Re-
W(110 film indicates in-plane magnetization along[¥I0]. (b)  gions of the diagram are marked as having perpendicular, in-plane,
Magnetic susceptibility of a 1.5-ML Fe/2-ML NiNZ10) film indi- o no remanence. A circle indicates the multicritical region where

cates normal magnetization at low temperatures and no spin reofjne perpendicular, in-plane, and paramagnetic phases meet.
entation. An order-disorder transition from the perpendicularly

magnetized state would produce a maximuriyRof 1 and would  and 4.0 ML, and individual susceptibility components were
not be detected. measured at other thicknesses. Solid dots represent the peak
positions of Réy,}, and the dashed lines connecting them
the properties of these small regions of the film become inare guides to the eye. Open circles represent the points where
fluential close toT g where the direction of magnetization is remanence vanishes or appears and are joined by a solid line.
not otherwise well defined. The regions on the diagram are labeled according to whether
Figure Zb) presents magnetic susceptibilities measureperpendicular, in-plane, or no remanence was observed in
ments for 1.5 ML of Fe on a 2-ML Ni buffer. Comparison Im{y}. For Fe thicknesses<2x<3 ML, Tc>Tg, and the
with Fig. 1 shows that the low-temperature pealkyinasso- order-disorder transition proceeds from the reorientated
ciated with the domains of perpendicular magnetization iphase. Thus the solid line indicating the appearance of in-
present, but that there is no signature of the in-plane reoriplane remanence in Fig. 3 in this region may be labeled as
entation or the order-disorder transition jo;. Since do- giving Tr, and the solid line indicating the disappearance of
main formation has begun, but spin reorientation has not ydh-plane remanence may be labeled as giving. Three
occurred, the order-disorder transition in this film must pro-markers of the spin-reorientation process—the temperature
ceed directly from the perpendicularly magnetized domairwhere in-plane remanence appears, the upper limit of per-
phase. The Curie temperature cannot then be detected Ipendicular remanence, and the peak ifyRe—all decrease
measurements of, , as was discussed earlier. Even if awith increasing thickness in this regime. ForxK <2, the
well-defined Curie temperature exists, the demagnetizationrder-disorder transition occurs from the perpendicular do-
factorN, =1 in Eq. (1) produces only a very broad, small main phase and, since it cannot be observegd,in the line
peak in theexternalsusceptibility and the measurements aregiving Tc cannot be shown. However, in this thickness
insensitive to the transitioff. The fact that remanence is de- range, the two markers of the spin-reorientation prodess
tected in Infy, } makes it clear that the Fe is not antiferro- creasewith increasing thickness. Since the spin-reorientation
magnetic, as has been found for Fe(@L) films grown at transition is not observed fok=2 and first seen ak

FIG. 2. (a) Magnetic susceptibility of a 1.5-ML Fe/1-ML Ni/

room temperaturg since the fcq(111) surface of antiferro- = 2.25, the multicritical point of the system must be at values
magnetic Fe exposes equal numbers of sites of each spintermediate to these and at approximately 335 K, as indi-
orientation. cated by a circle in Fig. 3. The data in Fig. 1 are therefore an

The absence of the spin-reorientation transition at lowobservation of the magnetic susceptibility in the neighbor-
coverages is supported by the systematic dependence of theod of the multicritical point where the spin-reorientation
magnetic susceptibility on the Fe thickness, as summarizettansition and the order-disorder transition lines meet. It is
in Fig. 3. Measurements for all three applied field orienta-interesting to note that this occurs at the thickness where the
tions were performed at thicknesses of 1.5, 2.0, 2.25, 3.0narkers of the spin-reorientation transition have maxima, in
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agreement with the prediction of Polit all! This behavior produced a complete, schematic temperature vs thickness

is at least consistent with the partial phase diagram of Fegphase diagram. For thicker films, there are experimental
Ag(001) reported by Quiet al.® where only the regions re- markers for the perpendicular phase, the formation of the
moved from the multicritical point were investigated. perpendicular domain phase, a reorientation to the in-plane

At 1 ML Fe, there is a sudden change in the temperatur@hase, and the order-disorder transition from the in-plane
at which the peak in Rg, } occurs, suggesting that films less phase to the paramagnetic phase. For thinner films, the order-
than 1 ML thick form a qualitatively distinct region. For disorder transition proceeds directly from the perpendicular
submonolayer Fe films, Re } (not shown again has a domain phase and there is no clear marker of the Curie tem-
broad peak consistent with domain wall motion. Since theperature in the magnetic susceptibility. Measurements indi-
films have perpendicular remanence down to a thickness aate that the multicritical point where the in-plane, perpen-
least as small as 0.25 ML Fe, the Ni moments in the 2-MLdicular, and paramagnetic phases meet is at a thickness
buffer must be actively participating in the formation of the between 2 and 2.25 Fe ML and a temperature of about 335
perpendicular magnetizatio(particularly when the Fe is- K. The film thicknesses in the multicritical region where
lands are below the percolation limitit is remarkable, but Tg~T display a temperature maximum for the formation of
not unique®! that such a small coverage can greatly alter thehe domain phase. There is evidence that submonolayer Fe
magnetic properties of a film. Taken together, these observddms form a distinct region where the magnetic properties
tions suggest that properties of submonolayer Fe films arare governed by the formation of the Fe/Ni interface. This
determined by the formation of the Fe/Ni interface. Mono-film system is well suited to further studies of the details of
layer Fe islands on a Ni film are a reasonable approximatiospin reorientation, including a search for experimental evi-
to ultrathin fcc (111 films of alloys made of equivalent dence of domain melting phases close to reorientation, the
amounts of Fe and Ni, which have been shown to have aature of and universal behavior in the multicritical region,
perpendicular magnetizatidA.The fact that the peak posi- and the description of the transition from the perpendicular
tion of Rey, } changes very close to 1 ML Fe tends to con-domain phase to the paramagnetic phase. Furthermore, the
firm that the films grow with good layer completion and magnetic properties of films4 Fe ML, where a rather con-
suggests that the magnetic behavior of the thicker films iginuous fcc to bcc transition occurs, have yet to be investi-
dominated by the Fe overlayer, and not by the interface. It igated. Finally, the present studies show that measurements of
not clear whether or not the order-disorder transition temthe magnetic susceptibility are a useful, and more widely
peratureT ¢ also shows an abrupt change at 1 ML Fe. Furthemaccessible, complement to spin-polarized microscopy for ob-
experiments are required to examine this region of the phasgerving spin reorientation.
diagram.

ACKNOWLEDGMENTS

The authors thank C. Schmidthdld.P.I. Halle) for scan-
In summary, measurements of the ac magnetic susceptiting tunnel microscope pictures. This work was supported
bility of fcc Fe/2 ML Ni/W(110 films have allowed a sys- by the Natural Sciences and Engineering Research Council
tematic investigation of the spin-reorientation process anaf Canada.

IV. CONCLUSIONS

1L. Néel, J. Phys. Radiun5, 225 (1954. 11p_ politi, A. Rettori, M. G. Pini, and D. Pescia, J. Magn. Magn.
2B. Heinrich and J. F. Cochran, Adv. Phyt2, 523(1993. Mater. 140-144 647 (1995.
3J. Thomassen, F. May, B. Feldmann, M. Wuttig, and H. Ibach,'>R. P. Erickson and D. L. Mills, Phys. Rev. 45, 861 (1992.
Phys. Rev. Lett69, 3881(1992; D. Li, X. Freitag, J. Pearson, **A. Moschel and K. D. Usadel, Phys. Rev.9, 16 111(1995.
Z. Q. Qiu, and S. D. Badeibid. 72, 3112(1994; M.-T. Lin, J.  '*R. Allenspach, M. Stampioni, and A. Bischof, Phys. Rev. Lett.
Shen, W. Kuch, H. Jenniches, M. Klaua, C. M. Schneider, and J. 65, 3344 (1990; M. Speckmann, H.-P. Oepen, and H. lbach,

Kirschner, Phys. Rev. B5, 5886(1997). ibid. 75, 2035(1995.
4F. Huang, M. T. Kief, G. J. Mankey, and R. F. Willis, Phys. Rev. 1®M. T. Kief and W. F. Egelhoff, Jr., Phys. Rev. B7, 10 785

B 49, 3962 (1994; B. Schulz and K. Baberschkebid. 50, (1993; M. Wuttig and J. Thomassen, Surf. S282, 237(1993.

13467(1994. 164, L. Johnston, C. S. Arnold, and D. Venus, Phys. Re\v6®
5D. P. Pappas, K.-P. Kamper, and H. Hopster, Phys. Rev. G4tt. 13 221(1997.

3179(1990. 173. Giegel, J. Shen, J. Woltensdorf, A. Kirilyuk, and J. Kirschner,
5R. Allenspach and A. Bischof, Phys. Rev. Le&8f, 3385(1992. Phys. Rev. B52, 8228(1995.
’D. P. Pappas, C. R. Brundle, and H. Hopster, Phys. Re#5B 1®D. Sander, A. Enders, C. Schmidthals, J. Kirschner, H. J.

8169(1992. Johnston, C. S. Arnold, and D. Venus, J. Appl. Phiie. be
87. Q. Qiu, J. Pearson, and S. D. Bader, Phys. Rev. Z6}t1006 published.

(1993. 9K -P. Kamper, W. Schmidt, G. tatherodt, and H. Kuhlenbeck,
9C. Garreau, E. Beaurepraire, K. Ounadijela, and M. Farle, Phys. Phys. Rev. B38, 9451(1988.

Rev. B53, 1083(19986. 20y, i, K. Baberschke, Phys. Rev. Le#i8, 1208(1992.

10A. Abanov, V. Kalatsky, V. L. Pokrovsky, and W. M. Saslow, ?'H. L. Johnston, Ph.D. thesis, McMaster University, Hamilton,
Phys. Rev. B51, 1023(1995. Canada, 1997.



8174 C. S. ARNOLD, H. L. JOHNSTON, AND D. VENUS 56

2p, Aspelmeier, M. Tischer, M. Farle, M. Russo, K. Baberschke, Ultrathin Magnetic Structures, ledited by J. A. C. Bland and B.
and D. Arvanitis, J. Magn. Magn. Matet46, 256 (1995; H.-P. Heinrich (Springer, Berlin, 1994
Oepen, S. Knappmann, and W. Wulfhekibld. 148 90(1999;  28C. Schmidthals and D. Venusnpublishejl
G. Garreau, M. Farle, E. Beaurepaire, and K. Baberschke, Phy$°U. Gradmann, J. Korecki, and G. Waller, Appl. Phys38, 101

Rev. B55, 330(1997). (1986.
23C. s. Arnold and D. Venus, Rev. Sci. Instru6s, 3283(1995. 30An alternate interpretation involves a continuous transition to dis-
24C. S. Arnold, M. Dunlavy, and D. Venus, Rev. Sci. Instrufto order through domain proliferation, as suggested in model simu-
be published lations by I. Booth, A. B. Maclsaac, J. P. Whitehead, and K.
253, Chikazumi,Physics of MagnetisnWiley, New York, 1986, De'Bell, Phys. Rev. Lett.75, 950 (1995. This possibility is

Sec. 2.2. The situation is more complicated for a canted mo- considered in a future publication.
ment, as an angular variation in the magnetocrystalline anisot2*P. Beauvillain, A. Bounouh, C. Chappert, R."#e S. Ould-

ropy contributes as well. Malfoud, J. P. Renard, P. Veillet, D. Weller, and J. Corno, J.
26The peak height restricts;=<0.0008, which is physically reason- Appl. Phys.76, 6078(1994); F. O. Schumann, M. E. Buckley,
able. and J. A. C. Blandibid. 76, 6093(1994).

2TW. M. J. de Jonge, P. J. H. Bloemen, and F. J. A. den Broeder, if?U. Gradmann and J. Mier, Phys. Status Solid27, 313 (1968.



