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Spiral-like continuous spin-reorientation transition of Fe/Ni bilayers on Cu(100)
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The magnetic domain microstructure of 0 to 3 monolay®k) of Fe on 7.2 and 11 ML Ni/C{@.00) films
was studied by spin-polarized low-energy electron microscopy at 300 K. The 11 ML Ni layers showed per-
pendicular oriented stripe domains of some micrometers in width parallel to the atomic step edges of the
Cu(100) substrate, whereas the magnetization of the 7.2 ML Ni film was in a canted state. For both Ni layers,
perpendicular oriented domains are stabilized upon Fe deposition up to 2.5 ML Fe without changing the
original Ni domain pattern significantly. Between 2.5 and 2.9 ML the domains break up into smaller stripe
domains, and the magnetization of the coupled Fe/Ni bilayer continuously rotates within the oppositely ori-
ented magnetic stripe domains into the film plane by an in-plane 74° spiral-like motion. At 2.9 ML F¢large
um) in-plane magnetic domains appear. From the critical Fe thickness af(22Z7/ML we find that the Fe/Ni
interface magnetic anisotropy i@iNi_F; —93 neV/atom favoring an in-plane easy axis.
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In the last decades much attention has been paid to thee at room temperature. SPLEEM is a surface sensitive
thickness and temperature driven spin reorientation of ultramethod with a lateral resolution of 10 nm and an image
thin films. Two prototypical systems that have been studiedicquisition rate of about eight frames per second. SPLEEM
intensively are Fe/Qu00 (Refs. 1-6 and Ni/Cy00l) images were recorded before, during and afitesitu film
(Refs. 7—11 Due to the spin-orbit induced surface anisot-growth. Exploiting the method’s sensitivity to topographic
ropy, which favors perpendicular magnetization in Fe/features such as atomic surface steps and step bunches and
Cu(100), a spin-reorientation transitio(6RT) from out-of- its capability to simultaneously record magnetic contrast im-
plane to in-plane takes place with increasing film thicknessages, we were able to directly correlate topography and mag-
and temperature. Ni/GUO0O on the other hand has a re- netic domain formation during deposition.
versed SRT from in-plane to out-of-plane, due to its surface A 10 mm diameter C(100) single-crystal substrate with a
anisotropy favoring in-plane magnetization and a large volimiscut angle below 0.1° was used for all experiments. In
ume anisotropy favoring out-of-plane magnetization whichorder to suppress the formation of atomic step bunches at the
arises from the face-centered-tetragd(fict) distorted crystal copper surface we used a carefully developed substrate
structure of Ni on Ci§. The combination of both Fe and Ni cleaning procedur® During 12 h of Ar-ion sputtering using
makes the coupled system an interesting case to study tteelow current of 0.1uA/cm? and an ion energy in the range
relation between the structure, magnetism, and coupling phef 1.5-3 kV the Cu substrate was automatically flash an-
nomena of Fe/Ni bilayers on €100. Some investigations nealed to~1000 K in 10 min intervals. After this preparation
of this system have been performed previously. Usingschedule, no surface contamination was detectable using a
magneto-optic Kerr effect the magnetic interlayer exchangeingle-pass cylindrical mirror Auger electron spectrometer.
coupling as a function of different Fe and Ni layer thick- LEEM (Ref. 19 images of the cleaned CL00) crystal con-
nesses was studied as a function of temperdtuard the firmed that the surface had atomically flat terraces separated
pronounced influence of the Fe/Ni interface on the SRT wasnostly by monoatomic steps.
observed® An exchange bias due to two superstructure Fe/Ni films were depositeth situ from separates-beam
phases within the Fe film was also foulicEarlier measure- evaporators onto the CL00) substrate at 300 K. The base
ments by low-energy electron diffraction and x-ray magneticoressure during imaging was>210™8 Pa, the maximum
circular dichroism(XMCD) revealed the correlation between pressure during evaporation wax 40 ® Pa. The Ni grows
structural and magnetic phases and the existence of an anfiseudomorphic with the Cu lattice constant in-plane up to
ferromagnetic state in the Fe interior within the fcc pHase about 10 monolayeréML) thickness in a tetragonally dis-
similar to results for Fe/Qi100).1° Recent experiments using torted (fct) crystal structuré® The Fe layers of up to 3 ML
photoemission electron microscopy have been performed othickness are expected to adapt this fct structure. The forma-
Cu capped Ni/Fe/Co/Qu00 thin-film systems to study the tion of 1 ML of a FeNi alloy at the interface cannot be
interlayer coupling within the trilayef. To the best of our excluded at room-temperature deposition.
knowledge, however, no investigation on the micromagnetic The same setup was used for magnetic domain imaging
domain structure of uncapped Fe/Ni bilayers o(XD@) us- by SPLEEM. A spin-polarized, low-energy electron beam is
ing domain imaging methods has been done so far. directed towards the sample surface at normal incidence, and

In the present work, spin-polarized low-energy electronthe specular beam of the resulting, backscattered electron-
miroscopy (SPLEEM is used to analyze the magnetic do- diffraction pattern is magnified in an electron-optical column
main structure of the bilayer Fe/Ni as a function of the Feto form a real-space image of the sample surface. By moni-
layer thickness near the SRT, which occurs around 2.5 Mltoring the average intensity of the image beam the SPLEEM
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FIG. 1. Spin-reorientation transition ofxaVL Fe/11 ML Ni bilayer on C@100) at 300 K as a function of the Fe layer thickness. The SRT
takes place by a continuous spin rotation, a break up of domains into stripe domains and a reformation to large in-plane domains at 2.9 ML
Fe, where the out-of-plane magnetic contid€) has vanisheda). For details see text.

can be used for convenient and very precise film thickness In the instrument used here, the electron beam passes
control duringin situ film growth as described in Ref. 2. The through a spin-manipulator prior to illuminating the sample.
periodic nucleation, growth, and completion of atomic The spin manipulator allows for a rotation of the beam po-
monolayers during epitaxial growth leads to well-known dif- larization in both the polar and the azimuthal angular orien-
fraction intensity oscillation! The distance between two tation. Imaging with various beam polarizations allows a
maxima corresponds to one atomic layer giving the deposicomplete characterization of the local magnetization vector
tion rate, i.e., typically 0.2 ML and 0.1 ML per min for the in the sample surface. For details concerning the instrument
Ni and the Fe evaporator, respectively. see Ref. 18, and references therein. Since the exchange
Before discussing our results on the magnetism of Fe/Niasymmetry oscillates with energy due to the spin-dependent
Cu(100, we briefly describe how magnetic contrddC) band structur€ the optimum energy for a maximum mag-
originates within this microscope. The magnetic contrast imetic contrast has to be chosen for Fe and Ni individually.
SPLEEM images is related to the relative orientations of thé-ollowing the procedure described in Ref. 18 we found an
magnetizationM in the film and the beam polarizatiod  electron energy oE= 9.5 eV for optimum magnetic contrast
according to MG:-P-M. Being based upon spin-dependentof Ni domains ande=4.5 eV for imaging Fe domains.
exchange scattering of the spin-polarized illuminating beam, Two different Ni underlayer thicknesses were chosen for
the magnetic image contrast between the reflected intensitieke magnetization reorientation studies of Fe/N{AD®) bi-
for electrons having their polarizations parallel and antiparfayers, a 7.2 ML Ni film in a slightly out-of-plane canted
allel with respect to the local sample magnetization is typi-state and an 11 ML Ni film with fully perpendicular anisot-
cally of the order of 1%. To enhance the contrast, we toggledopy, which were characterized before Fe deposition.
the illumination polarization by 180° from image to image, For the following discussion of magnetization and spin-
so that a differential imaging method can be emplo$féthe  polarization directions, we use spherical coordinates with the
method is based on the usual definition of the exchangeazimuthal angleb measured in the counterclockwise direc-
asymmetryAq,= 1/|P|(1, —1_)/(1 . +1_) wherel, and| _ tion and® =0° corresponding to the direction of step edges
represent the reflected intensities for oppositely polarized inef the CY100) substrate, as sketched on the left in Figh)1
cident beams. Subtraction df, (spin-up and |_ (spin- The perpendicular orientation of the magnetization within
down) images in the numerator eliminates nonmagnetic difthe 11 ML Ni/Cy100 film was confirmed by imaging the
fraction and topographical image features. Only featuresmagnetic domain structure of the film in perpendicular and
which originate exclusively from the magnetism of the several in-plane orientations of the electron-beam polariza-
sample are left in the image. tion P as shown in Fig. 1“0 ML Fe” ). The magnetic do-
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FIG. 2. Domain images for the vertical component of the magnetization as a function of Fe thickness on 7.2 MLO®/@u300 K
(a)—(d). Stripe domains evolve out of the original domain wall. The stripe domains are parallel to the Cu atomic ste@®dges in the
LEEM image of the bare Cu substrate above. The domain wall width increases slightly fran® 180 at the start of the SRT to an average
width of 150+5 nm at the maximum number of stripes.

| (b) 245 ML

main pattern of the Ni film consists of stripes of severalCu(100 favors the[011] in-plane direction in the thickness
micrometers width with a perpendicularly up or down ori- range above 6 ML, while Fe/C§100 favors a[001] in-
ented magnetizatiofz direction (a). No in-plane magneti- plane orientation with a much larger in-plane anisotropy than
zation components were found in this pure Ni film. For ex-for Ni/Cu(100. Therefore, in the coupled Fe/Ni/CiD0)
ample, the two images in the leftmost colufthML Fe) in system the[001] direction most likely is the easy axis. As
Fig. 1(b) were acquired with spin polarizations oriented shown above, the-16° direction is the easy axis of the 2.9
along two orthogonal in-plane directions &= —4° and ML Fe/Ni magnetization, which we interpret to be parallel to
—94°. The absence of MC in these images confirms thathe[001] crystallographic axis of the bilayer. Based on these
there is no spin canting in the Ni/C100 film of 11 ML (b).  reasonable assumptions regarding the orientation of our crys-
Upon Fe deposition on top of the Ni/CLOO) film the change tal, the step edges as seen in the LEEM imdgde. 2 left) do
of the domain pattern and the magnetization direction isiot run along a low-index crystallographic direction like the
demonstrated in the sequence of images shown in Fig. 1. TH®11) which is known to be a low-energy step direction on
deposition of 1 ML Fe results in an increase of the magneticCu surfaces vicinal t§100].24%°
contrast along the perpendicular direction and a slight broad- The break up of the domains is also observed for the two
ening of the Ni domain pattern as well as a narrowing of then-plane directiongFig. 1(b)] unambiguously showing that
average domain wall width from-280 nm to~190 nm. the magnetization of the bilayer is canted within the stripes.
Upon further Fe deposition the out-of-plane MIElg. 1(a)]  The canting angle with respect to the film normal increases
increases up to 2.5 ML Fe, at which the onset of the formawith Fe coverage as seen by the increase of the MC in the
tion of narrower domains is observed which corresponds téop in-plane image series of Fig(l). The reorientation of
the start of the SRT. As the Fe layer thickness is furthethe magnetization from perpendicular to in-plane with in-
increased, the large out-of-plane domains break up intareasing Fe layer thickness occurs via a break up of the origi-
~250 nm wide stripe domains. The correlation of the shapaal domain pattern and a simultaneous continuous rotation of
of the magnetic domains with the topography of the Cu crysM within the individual domains. One may notice that the
tal is revealed by the LEEM image of the bare Cu surfacen-plane components,”, M, of the canted oppositely ori-
shown in Fig. 1. The domain walls of the stripe domains are
aligned parallel to the Cu atomic steps. Finally, the MC in
perpendicular orientation vanishes at 2.9 ML Fe proving that
the magnetization is completely in the film plane. In order to
determine the easy axis of the in-plane magnetized domain
at 2.9 ML Fe, the electron-beam polarizatiBrwas rotated
till the MC between the domains vanished. Since the MC
vanishes atb = —106°, the magnetization orientation within
the domains lies perpendicular to this angle, i.e., the magne
tization within the domains is parallel and antiparallel at an
angle® = —16° with respect to the step edges. No magneti-
zation orientation at 90° with respect to this direction was
found as might be expected for a cubic system. The contrag
at® = —106° vanishes and reveals a braqae300 nm Neel
wall by the line of darker contrast on the left side of the
image. Within the wall the spins rotate in the film plafié
Bloch wall would not cause any magnetic contrast in the  pg, 3. (a) Spiral-like spin reorientation ok ML Fe/11 ML
middle of the wall for the giverP. Ni/Cu(100) films from perpendicular to in-plane orientation with in-
Since we had no technique available to verify the crystakreasing Fe layer thicknesg<0...3 ML). The in-plane spin com-
orientation in our setup, we can only make the following ponent rotates from-90° to —16°, i.e.,[001] direction, by an angle
reasonable assumption about the relation of the domain pasf 74° within the plane(b) In agreement with the SPLEEM data the
tern to the crystallographic direction. It is known that Ni/ projection onto the-94° direction remains almost constant.

(a) 3-dimensional SRT (b) Rotation of the in-plane
spin component
(top view)
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ented domains would not be detectable by a technique sudlection of the Cu atomic steggb) and (c)]. This process
as second-harmonic generatibor x-ray magnetic circular evolves into a stripe domain pattern along the step direction

dichroisnf® which averages over large areas. (d). At about 2.6 ML Fe(c) stripe domains also appear spon-
Interestingly, at a coverage of 1 ML Fe magnetic contrastaneously within the domains. The average stripe domain

abruptly appears also for the polarization vedoat = Width at the maximum number of strip@sot shown hergis

—94° [Fig. 1(b) in-plane bottom series of imagedhere is  about 280 nm. _

nearly no MC for 1 ML Fe, ifP is set atd = —4°, which is Below 10 eV electron energy, the penetration depth of the

perpendicular to the image above. At higher Fe coverages thPin-Polarized beam can be as large as several 10 A, and the
contrast becomes much stronger Rralong ®=—4° and whole bilayer contributes to the formation of contrast. In

stays constant foP along ®=—94°. The refined analysis order to check if the magnetization of the Ni and the Fe
reveals that the in-plane easy axis of the magnetizatiprs Iayer_?_ rerr?aT para ”TI to each other du(;mé} tk?e )S(I\SI-IC-:S Ie_lrphent-
given by — —90° for 1 ML Fe on 11 ML Ni and byb— specific hysteresis loops were recorded by . They

o ) show that the Ni and the Fe layers are coupled ferromagneti-
—16° (along[001]) for 2.9 ML Fe. The in-plane component cally and stay parallel throughout the SRT.

of the magnetization rotates from90° before to—16° (the To describe the nature of a continuous magnetization re-
[001] direction after the SRT. These in-plane orientations grientation transition the magnetic anisotropy constants of
were observed for both Ni thicknesses. The unusual directiogecond and fourth order have to be considéré&te orien-
of the in-plane component &ff at —90° could be explained tation of the magnetization in ultrathin films is determined by
by the interplay of the magnetic anisotropy induced by thethe balance between the intrinsic magnetic anisotropy energy
step edges which favors the direction para{lell) to the (MAE), which arises from spin-orbit coupling and the shape
step edges for strained Ni films and the bulk magnetoelastianisotropy which is of dipolar origin. The shape anisotropy
contribution which favors an easy axis perpendicular to thealways favors an in-plane easy axis for thin films, the intrin-
surface and, thus, also to some degree perpendicular to tls&c MAE may either favor in-plane or perpendicular orienta-
step edges. At larger Fe thickness the in-plane anisotropy dfon. The balance between the two anisotropy contributions
Fe dominates favoring th@01) direction. The sketch in Fig. varies as a function of film thickness and temperature. A SRT
3illustrates the spiral-like reorientation which is the complexfrom a perpendicular to an in-plane easy axis will occur
superposition of the spin reorientation from out-of-plane towhen the shape anisotropy dominates over the intrinsic an-
in-plane and the simultaneous rotation of the in-plane comiSOtropy. The easy axis of magnetization is determined by the
ponent from—90° to —16°. Interestingly, the MC in the Minimum of the free-energy densikyper unit area which in
—94° orientation of Fig. (b) stays nearly constant through- the case of the tetragonal bilayer system Fe/Ni 01100
out the SRT. In the suggested reorientation procedure of Figncludes the following contributions:
3 the arrowheads of the in-plane spin vectors lie on a slight
curve, so that the projection of the in-plane spin component E=
onto the—94° direction remains almost constant. This nicely
explains the unchanged magnetic contrast in-ti®d° direc-
tion shown in Fig. 1b). +
The same reorientation behavior was found for bilayers

2 HoM N~ K\Z/,Ni> cos fdy;

1
> HoM 2 — K\Z"Fe> cog 0 dre— K5 cog ¢

with a 7.2 ML Ni underlayer which was in a canted spin state 1 1

with the in-plane component of the spins pointing into the - EK?J cos 9— §KEF(3+COS 4D)

—94° direction. Again there was no magnetic contrast de-

tected in the—4° polarization orientation for Fe coverages X sin* §—IMyi- Mg,

below 1 ML but in —94° orientation. The MC remained

nearly constant for thé = —94° direction, whereas the MC where Kgaeff: Kg,Ni-Cu+ ngNi_FejL K;Fe_vac (1)

in —4° increased only weakly up to a Fe coverage of 2.5 ML
followed by a dramatically increase just at the thicknessand
where the domains break up into stripes. The direction of the eff LV v s s
magnetization within the in-plane domains after the SRT K™ =Kinidnit Kigedret Kinicut Kinire

again was alqn¢001] (—16°), confirming thg same spir_al— +KiSFe-vac with i=4L1 4.

like reorientation as found for the bilayer with 11 ML Ni. '

The onset of the formation of the stripe domains is dis-0 is the polar angle of the magnetization with respect to the
cussed in greater detail in the following. A domain wall of [100] direction, ® is the azimuthal angle measured against
the bilayer with 7.2 ML Ni was imaged as a function of Fe the easy001] in-plane direction of the systend.is the fer-
deposition(Fig. 2. No correlation of the direction of that romagnetic coupling constant between the magnetizations
wall segments with topographic features was found by comM; andM g, of Ni and Fe, which are always aligned parallel
paring the magnetic SPLEEM images with the LEEM imageas shown by our XMCD measuremenis;, K4, , andKy,
of the Cu crystal surface. Starting at about 1.4 ML Fe, whergre the second- and the fourth-order perpendicular and in-
a linear domain wall was observe@d), the domain wall plane terms of MAEK" denotes the volume contribution
started to adjust to the substrate step edges by forming recand KS the various surface and interface anisotropies as
angular protrusions with one side running parallel to the di-given by the lower index. FoK,, =K4,=0 no tilted orien-
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TABLE I. Anisotropy constants at 300 K. izes that the sum of these quantities is zero only, if a large
negative interface aniso'[ropjﬂi,\,i_Fe= —93 ueV/atom is
Reference present. Thus, this large interface anisotropy is needed to
explain the critical thickness of 2.20.2 ML for the SRT.

\%
K\Z/Ni 30 MeV/a/tom ! Note that for Fe/C(001) where no Ni-Fe interface is present
KgyFe 77.7 peViatom 21 the magnetization of 3 ML Fe grown at room temperature is
KZNicu —59 peV/atom 26 oriented perpendicular to the surfact a second more re-
K3 Fevac 64 peV/atom 5and 27 alistic approach one can consider the existence of an inter-

mixed interface consisting of an 50:50 FeNi alloy over 2

i o i ] ML. According to the Slater-Pauling curve the average mag-
tation of the magnetization is possible, and hencé&jf  netic moment per atom in these two layers isuls 7 Recal-
changes, adiscontinuousflip of the magnetization is culation of the shape anisotropy of the Fe/Ni bilayer with a 2
expected. Due to the fact that we unambiguously find an ML thick alloyed interface region while keeping the depos-
out-of-plane spin canting as well as a continuous rotation ofted number of Fe and Ni atoms constant yields an increase
the magnetization, the second-order contributions to thef the shape anisotropy by about 8% only. Hence, we can
MAE alone are not sufficient to account for this behavior.conclude that the increase of the shape anisotropy as a func-
This means that in the theoretically strict sense a fourth-ordetion of Fe deposition is not sufficient to force the magneti-
contribution would have to be included in the analysis. How-zation of the bilayer into the film plane. A relatively large
ever, the reorientation interval of 0.4 ML Fe is very small, Fe-Ni interface anisotropy needs to be taken into account to
i.e., theK, values are small, and we neglect them in theexplain the critical Fe thickness at which the SRT occurs.
further analysis. Only foK ;=K the difference between the  In summary, the domain structure of Fe/Ni bilayers on
critical thicknessesl.; anddg, for the onset and end of the Cu(100 for 0 to 3 ML Fe on 7.2 ML and 11 ML Ni was
SRT becomes significaftlt should be noted that SPLEEM Studied by spin-polarized low-energy electron microscopy at
is a good technique to reveal even this very small differencé00 K. The 11 ML Ni film showed perpendicularly magne-
between the lower and the upper critical thickness whict{ized stripe domains of 1—am width, whereas the 7.2 ML
makes it easier to determine the nature of a transition. IANi film was in a canted magnetization state. The spin-

other words we consider the 0.4 ML interval as a discontinuf€orientation transition from out-of-plane to in-plane as a
ous flip of M, at the mean valud, ge=2.7 ML in the fol-  function of the Fe layer thickness occurs via the formation of

lowing approximation. a multidomain state and the simultaneous continuous rotation

and the crystalline anisotropy contributions vanishes. at: wide stripe dc_)m_ains are priented_parallel to the Cu atomic
’ step edges within a Fe thickness interval of 0.4 ML on both

1 ) v 1 ’ v s Ni underlayers. No significant difference in the reorientation
5 HoMyi— Ko i dnit | 5 #oMEe™ K3 re| de e K2 nicu process between the Fe films grown on 7.2 ML canted and 11
ML perpendicularly magnetized Ni film was found. The driv-
- KiNi_Fe— KiFe_vacz . (2)  ing forces for the SRT from perpendicular to in-plane were

identified as the increased shape anisotropy due to the large

In the discussion which of the various contributions plays them : ;
. . agnetic moment of the Fe atoms and the large magnetic
major role for the observed SRT, one can consider two sce- g 9 g

narios. In the first case, one can assume that a sharp interfa'ge;\erface ANISOUrOPY o= — 93 ueV/atom of the Ni-Fe
; ) . Ihterface.
between the Fe and Ni layers exists. In this case the volume,
interface, and surface contributions for Fe and Ni monolay- Helpful discussions with J. Lindner and A. Hucht are ac-
ers on Cu can be taken from the literatuf@ble ). The knowledged. R.R. thanks the Deutscher Akademischer Aus-
shape anisotropy of the bilayer structure increases from 7.tauschdienst for financial assistance. This work was sup-
pneViatom(Ref. 9 to 32 ueV/atom(averaged for the bilaygr ported by Deutsche Forschungsgemeinschaft and by
by the deposition of Fe due to the 3.5 times larger magnetithe U.S. Department of Energy, Contract No. DE-AC3-
moment of the Fe atoms (2.23) compared to the Ni atoms 76SF00098. The financial support by the Access to Research
(0.62ug) in bulk. Using these values together with the lit- Infrastructure action of the Improving Human Potential Pro-

erature values of the anisotropies listed in Table I, one realgram is acknowledged.
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