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Magnetic domains and domain-wall structure in NiÕCu„001… films imaged by spin-polarized
low-energy electron microscopy
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The magnetic domain microstructure of four- to eight-monolayer-~ML- ! thick Ni/Cu~001! films deposited at
100 K and 300 K was studied at both temperatures by spin-polarized low-energy electron microscopy. Domain
structures remain stable during deposition: large in-plane domains of several 10mm diameter persist at both
temperatures throughout the thickness range. The position of the domain walls is not significantly correlated
with topographic features~step bunches, terraces! which were imaged simultaneously. The structure of 180°
Néel walls in the films was determined by using the spin manipulator of the electron illumination system to
measure image contrast as a function of polar and azimuthal polarization of the illuminating beam. We find that
in 8-ML films at 300 K, the Ne´el walls are 400 nm wide and wall segments with both expected chiralities were
identified.

DOI: 10.1103/PhysRevB.68.054418 PACS number~s!: 75.70.Ak, 75.70.Kw, 68.37.Nq, 68.55.Jk
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We address the question of how magnetic domain mic
structure in a quasi-two-dimensional ferromagnet might
pend on layer thickness and temperature. In the thickn
range of a few monolayers, epitaxial fct Ni films grown o
Cu~001! single crystals are one prototypical example of su
systems. From previous studies by many groups, ma
scopic magnetic properties such as Curie temperature, m
netic anisotropy, and magnetic moments as a function of
thickness are well described.1–3 However, relatively few
studies have addressed the system’s magnetic microstruc
Domain structures in up to 14-nm-thick Ni/Cu/Si~001! films
capped with 2 nm Cu~Refs. 4 and 5! and in up to 220-nm-
thick films ~Ref. 6! have been observed by magnetic for
microscopy~MFM! and by the magneto-optic Kerr effec
~MOKE!.7,8 Interestingly, noin situ magnetic domain obser
vations have been reported for uncapped Ni/Cu~001! films
thinner than eight monolayers~ML ! where the Ni layers are
in-plane magnetized. In this thickness regime the presenc
step bunching and roughness at the substrate may pla
important role for the pinning and direction of magnetic d
main walls. One of the best techniques to study the corr
tion of topography and magnetic domain walls is sp
polarized low-energy electron microscopy~SPLEEM!. In the
present work, this technique~SPLEEM! is used to investi-
gate the magnetic domain structure of in-plane magnet
uncoated Ni/Cu~001! film preparedin situ. Characteristic dif-
ferences to out-of-plane magnetized Fe/Cu~001! ~Refs. 9 and
10! and Co/Cu/Co~Ref. 11! which have been previousl
studied by SPLEEM are expected and observed.

Magnetic domains in 4–8 ML Ni on Cu~001! were im-
aged by spin-polarized low-energy electrons at 300 K a
100 K. SPLEEM is a surface sensitive method with a late
resolution of 10 nm and a relatively high image acquisiti
rate of about 5 frames per second. SPLEEM images w
recorded before, during and afterin situ film growth. Ex-
ploiting the method’s sensitivity to topographic features su
as atomic surface steps and step bunches and its capabil
simultaneously record magnetic contrast images, we w
0163-1829/2003/68~5!/054418~5!/$20.00 68 0544
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able to directly correlate topography and magnetic dom
formation during deposition.

We used a carefully developed substrate cleaning pro
dure, which we had found to be effective to suppress p
sible bunching of atomic steps. Suppression of step bunch
in substrate surfaces is an important issue in magnetic mi
structure research, because even in otherwise highly pe
epitaxial ultrathin films, substrate step bunches can easily
as pinning sites for magnetic domain walls and thus infl
ence the samples’ magnetic properties. Before each exp
ment, our Cu crystal was prepared by 12 h of Ar-ion sputt
ing using a low current of approximately 0.1mA/cm2 and
ion energy in the range of 1.5–3 kV. During sputtering, t
crystal was automatically flash annealed to approxima
1000 K in 10-min intervals. After this preparation schedu
no surface contamination was detectable using our sin
pass cylindrical mirror Auger electron spectrometer. Imag
the bare Cu~001! substrate in the SPLEEM, we confirme
that the resulting surface had atomically flat terraces se
rated by mostly monoatomic steps. Ni films were deposi
in situ, with the Cu~001! substrate held at either 100 K o
300 K. The evaporator target was a high purity rod of 2 m
diameter, which was brought to sublimation temperature
direct electron beam heating inside a water-cooled doser.
base pressure during imaging was 231028 Pa; the maxi-
mum pressure during evaporations reached 431028 Pa.

In the SPLEEM, a spin-polarized low-energy electr
beam is directed at the sample surface at normal incide
and the specular beam is magnified in an electron-opt
column to form a real-space image of the sample or a ba
scattered electron diffraction pattern. This image can be
corded in real time at up to video rate. As described in R
10, the SPLEEM can be used for convenient and very pre
film-thickness control duringin situ film growth by monitor-
ing the average intensity of the image beam. The perio
nucleation, growth, and completion of atomic monolaye
during epitaxial growth leads to well-known diffraction in
tensity oscillations.12 A typical example of a film grown at
©2003 The American Physical Society18-1
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300 K is shown in Fig. 1, where the average intensity of
image beam is plotted as a function of time. The dista
between two maxima yields the deposition rate, i.e. typica
0.4 ML per minute in our experiments. We attribute the
duced amplitude of each following maximum~minimum! to
roughness effects that increase with increasing numbe
atomic layers. Films grown at 100 K show a reduced am
tude and a faster decay of the oscillations indicating a hig
degree of roughness.

While simultaneously monitoring film growth, we use
the SPLEEM to observe the evolution of magnetic dom
microstructures. Before discussing our results on the mag
tism of Ni/Cu~001!, we briefly describe how magnetic con
trast originates in this microscope. The magnetic contras
SPLEEM images~MC! is related to the relative orientation
of the magnetizationM in the film and the beam polarizatio
P according to MC}P•M . Being based upon spin-depende
exchange scattering of the spin-polarized illuminating bea
the magnetic image contrast in reflected intensities for e
trons with their polarizations parallel and antiparallel w
respect to the local sample magnetization is typically of
order of 1%. To enhance the contrast, we toggle the illu
nation polarization by 180° from image to image, so tha
differential imaging method can be employed.13 The method
is based on the usual definition of exchange asymmetryAex
51/uPu(I 12I 2)/(I 11I 2) where I 1 and I 2 represent the
reflected intensities for oppositely polarized incident bea
Subtraction ofI 1 ~spin-up! and I 2 ~spin-down! images in
the numerator eliminates nonmagnetic diffraction and to
graphical image features. Only features which originate
clusively in the magnetism of the sample are left in t
image.

The necessary capability to quickly toggle the polariz
tion of the illumination beam is a general feature of t
Pierce-type14 GaAs-based photoemission source we us
where the polarization of the emitted electron beam can

FIG. 1. Film thickness calibration by the oscillation of the int
grated LEEM intensity during Ni deposition at 300 K. The maxim
indicate full atomic Ni layers, and their distance in time determin
the deposition rate to equal 0.4 ML/min. Each point correspond
a LEEM image. The inset shows the topography of the atomic
flat Cu~001! substrate before deposition~field-of-view diameter 10
mm!. The LEEM intensity is integrated over the area given by
circle.
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switched from spin up to spin down simply by switching th
photon polarization from left-hand to right-hand helicity.
addition, in the instrument used here, the electron be
passes through a spin manipulator prior to illuminating
sample. This spin manipulator features two magnetic rota
lenses in combination with an electrostatic 90° deflec
Controlled excitation of these three elements permits in
pendent rotation of the beam polarization in both the po
and azimuthal angular orientations. Imaging with vario
beam polarizations allows a complete characterization of
local magnetization vector in the sample surface. For det
about the instrument see Refs. 15–18.

Spin-dependent magnetic contrast is determined by
spin-dependent band structure. Consequently, the exch
asymmetry19 oscillates with energy. To find the optimum
contrast for our samples we took several series of SPLE
images at different electron energies and different Ni fi
thicknesses. The exchange asymmetry oscillates betwe
and 11 eV with a maximum at about 9.2 eV. Note that fro
these experimental values the difference of the work fu
tions of sample and cathode has to be subtracted~about 3
eV!. At about 4.5 eV the MC is reversed and much wea
than at 9.2 eV. Between 5 and 8 ML the maximum shift
only by a few tenths of eV. All images presented in this pap
were recorded atE59.5 eV.

Consistent with earlier determinations of the thickne
dependent Curie temperature20 in situ SPLEEM observation
during room-temperature growth shows no magnetic cont
in the thickness range below 5 ML. When the thickness
the growing film increases beyond 5 ML, we observe
abrupt onset of magnetic contrast with the magnetizat
vector lying in-plane. An example is shown in Fig. 2, whe
the spontaneous formation of two in-plane domains w
anti-aligned magnetizationsM ~indicated by the white ar-
rows! has resulted in a domain wall crossing the field of vie
near the center. Interestingly, no percolation of smaller m
netic domains at the onset of ferromagnetism was obs
able, when the film thickness was increased in 0.1-ML st
across the threshold~about 4.8 ML! for ferromagnetism at
300 K. The position and structure of this domain wall rema
unchanged during subsequent deposition of additional N
to a thickness of 8 ML. For a film grown at 100 K the ons
to ferromagnetism was observed at lower thickness in ag
ment with the well-established magnetic phase diagram2,3 of
Ni/Cu~001!. Aside from this lower onset of magnetic contra
no characteristic changes of domain sizes and shapes

s
to
y

FIG. 2. Appearance of in-plane magnetic contrast at room te
perature: ~a! 2 ML, ~b! 5 ML, and ~c! 8 ML Ni/Cu~001!. The
diameter of the field of view is 10mm.
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observed between 100 K and 300 K growth when the field
view ~10 mm diameter! was manually scanned over a
32 mm2 area.

The structure of the domain wall in the 8-ML Ni/Cu~001!
film seen in Fig. 2 was analyzed in greater detail, as sho
in Fig. 3. First, while keeping the azimuthal angle fixed
f50°, the polar angleu of the electron beam polarizatio
was varied in steps fromu590° ~spin polarization in-plane!
to u50° ~spin polarization along the surface normal!. Di-
minishing contrast in this series confirms the absence of o
of-plane magnetization components: i.e., the local magn
zation vector lies in the surface plane in both domains. Th
the polar alignment of the illumination beam polarizatio
was fixed atu590° ~spin polarization in-plane! and the azi-
muthal polarization orientation was swept through an an
of 2135°. The magnetic contrast between the domains
be seen to decrease in this series: it finally vanishes when
beam polarization is perpendicular to the magnetization v
tors of the two domains. The absence of magnetic cont
between the two domains for the alignmentf5290° con-
firms that the two domains are anti-aligned and are th
separated by a 180° domain wall. In all but thef50°, ad-
ditional contrast can be discerned in the region of the dom
wall. Most clearly atf5290°, a large section of the do
main wall appears brighter and a shorter segment near
top of the image appears dark. Our interpretation of this c
trast is that the domain wall has a Ne´el structure, in which
the spin reorientation between the two anti-aligned doma
takes place within the film plane. The fact that different se
tions of the wall show opposite contrast is consistent with
expectation that Ne´el walls must occur in two degenerat
chiralities, as indicated schematically in the figure.

FIG. 3. SPLEEM images of an 8-ML Ni/Cu~001! film at 300 K
as a function of the polar angleu ~top, f50°) and azimuthal angle
f ~bottom,u590°) of the polarizationP of the electron beam with
respect to the sample normal. Top: sharp magnetic contrast with
polar angle in the film plane~left!, no contrast withu perpendicular
to the surface~right!: i.e., the Ni film is fully in-plane magnetized
Bottom: atf50° the MC is maximum: the domains are parall
and antiparallel with respect to the polarization direction. The m
netic contrast disappears atf5290°. Two chiralities exist in the
Néel wall, as seen in the image (f5290°). Due to~a! parallel and
~b! antiparallel orientations, the Ne´el wall appears white and black
respectively.
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To confirm this interpretation we show in Fig. 4 the ave
aged line profile across the 180° domain wall of t
SPLEEM image (f5290°), shown in Fig. 3~lower panel!.
The profile consisting of the average of about 50 para
profile lines shows the typical shape of a Ne´el wall consist-
ing of a narrow core and a long tail as discussed in Ref.
p. 244. The solid line in Fig. 4 is a guide to the eye accord
to the calculation in Ref. 22. The core width is determined
be about 400 nm~Fig. 4!. We find good agreement with
calculated profiles of Ne´el walls21 for which the width can be
estimated byd5pA2A/Keff ~Ref. 24! using the exchange
constantA50.75310211 J/m, which is the average of val
ues given for Ni thin films with 157–250 nm thickness,26 and
an effective magnetic anisotropy parameterKeff5K21Kshape
50.93103 J/m3. The parameterKeff which includes shape
(Kshape) and second-order magnetocrystalline anisotro
(K2) is about one order of magnitude smaller than the
perimentally determinedKeff of a 8-ML Ni film on Cu~001!
at room temperature.3,20 Such a difference by orders of mag
nitude was also observed for Co monolayers on Cu~100!
~Ref. 23! where a Ne´el wall width of about 500 and 300 nm
was measured for 5.5 and 9 ML. One should note here th
calculation for the Ne´el walls of ‘‘negative anisotropy mate
rials’’ favoring ^111& directions like Ni should be correcte
by taking magnetostriction effects into account, yielding
wall width d56.5 through 7.2AA/Keff ~p. 234 of Ref. 22! in
better agreement to our experimental observation. In dif
ence to the expected decrease of the Ne´el-wall width for
thicker films the domain wall width in Ni/Cu~001! increases
from about 330 nm at 5 ML to 450 nm at 9 ML and drama
cally broadens to 1400 nm~yielding a very smallKeff
,102 J/m3) at the start of the spin-reorientation transitio
~SRT! ~Ref. 20! near 9.5 ML. This enormous increase of th
domain-wall width within a few tens of monolayers can
explained by the decrease of the effective magnetic ani
ropy ~proportional to the reciprocal thickness!. Eventually
Keff→0 disappears at the SRT as the result of the compe
tion of the in-plane shape anisotropy and out-of-plane, sp
orbit-induced~magnetocrystalline! anisotropy.2,3 To quantita-
tively check the theoretical predicted shape and width

he

-

FIG. 4. The profile plot of the white imaged Ne´el wall with the
electron polarization atu590°, f5290° ~Fig. 3, bottom! reveals
an average wall width of 400 nm. The solid line is a guide to t
eye according to the calculated profiles of a symmetric 180° N´el
wall ~Refs. 21 and 22!.
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domain walls in magnetic monolayers one needs accu
knowledge of the magnetic anisotropyKeff and the exchange
constantA which turns out to be not available in many sy
tems. For example, to obtain a quantitative agreement
tween the experimentally measured wall width of in-pla
magnetized 1 ML Fe/W~110! ~Ref. 27! and the calculated
one according tod}AA/Keff, the exchange constantA had to
be assumed one order of magnitude smaller than the
value andKeff turned out to be more than two orders
magnitude larger than typical Fe film values.

In Fig. 5 we show the MC images of a 4.8-ML N
Cu~001! film prepared at 300 K and measuredin situ at 100
K. For maximum contrast we rotated the polarizationP of
the electron beam in the film plane. ForP perpendicular to
the film surface no MC was observed, confirming the
plane orientation ofM . Our microscopic observation of in
plane magnetization is again in good agreement with Ref.
Again, we observed large domains with sizes of severa
mm, substantially larger than our 10-mm maximum field of
view. To confirm that our SPLEEM images of these dom
walls are representative of typical configurations, we tra
domain walls over extended distances. In the example of
5 the imaged area~circles! was moved in several steps
trace the domain wall. The correct alignment of the magn
images was unambiguously verified by comparing surfa
step patterns in the corresponding LEEM images, which
not shown here. Close inspection of the ‘‘spin-up’’ an

FIG. 5. Three SPLEEM images with 10-mm field of view
~circles! tracing a domain wall of a 4.8-ML-thick Ni film prepare
at 300 K and measured at 100 K. The domain sizes are sever
mm. No preferred direction of the domain wall with respect to cry
tallographic axes was found.
.
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‘‘spin-down’’ LEEM topographic images and compariso
with the corresponding magnetic images reveals no corr
tion between the topography of the Ni film and its magne
domain structure. For example, we did not find evidence
domain-wall pinning at atomic step bands. Comparing
images of Figs. 2~c!, 3, and 5 one observes a difference
the smoothness of the domain walls but no change in dom
sizes. The increased wall roughness of the film measure
100 K ~Fig. 5! can be attributed to two effects:~a! when
cooling from 300 K to 100 K in 1.531028 Pa trace amounts
of residual gases~CO, CO2) may adsorb, which reduce th
total magnetic anisotropy in the 5-ML regime considerab
and ~b! the formation of a zigzag domain wall which is no
completely resolved. Such domain walls are known22 to
originate from ‘‘head-on’’ 180° domain walls. One shou
note, however, that we find no statistically significant diffe
ences between the domain structures at 100 K and 300 K
up to 8 ML thickness when comparing many images
corded in different areas of films grown at 100 K and 300
Our SPLEEM apparatus does not provide the high resolu
(,5 nm) to resolve fine details of the domain-wall structu
as, for example, spin-polarized scanning tunneling micr
copy~SP-STM! techniques do~see, for example Ref. 25!. On
the other hand, SP-STM or secondary electron microsc
with polarization analysis techniques do not allow a fa
magnetic contrast acquisition over the large areas ima
here.

Above 8 ML we find evidence for a continuous rotation
large areas of the magnetization from in-plane to out-
plane originating at the domain walls. No breakup into
stripe or meandering domain pattern is observed. A deta
discussion is beyond the scope of this paper and will
published elsewhere.

In summary, the domain structure of uncapped ultrat
Ni/Cu~001! films in the thickness range of 4.8–8 ML, pre
pared and measured at 100 K and 300 K, was observe
spin-polarized low-energy electron microscopy. This tec
nique allows visualization of magnetic domains with hig
spatial as well as time resolution and good angular resolu
of the local orientation of the magnetization vector. Lar
domains of several 10mm width were found in the virgin
state at 100 K and 300 K. Using the case of a 180° Ne´el wall
in an 8-ML Ni/Cu~001! film as an example, we have show
how the detailed structure of domain walls can be resol
through polarization-dependent measurements.

R.R. thanks the Deutscher Akademischer Austauschdi
for financial assistance. This work was supported by the U
Department of Energy, Contract No. DE-AC3-76SF000
and Deutsche Forschungsgemeinschaft.
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