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Magnetic circular dichroism (MCD) and magnetic linear dichroism (MLD) have been investigated in a photo-
emission electron microscopy (PEEM) system excited by a deep ultra-violet (DUV) laser (with A = 177.3 nm and
ho = 7.0 eV) for the first time. High resolution PEEM magnetic images (down to 43.2 nm) were directly obtained
on a (001)-oriented magnetic FePt film surface with a circularly-polarized light under normal incidence.

Furthermore, a stepped Cr seeding layer was applied to induce the formation of large-area epitaxial FePt films
with (001) and (111) two orientations, where MLD with large asymmetry was observed in the transition area of
two phases. It demonstrates that DUV laser can be a powerful source for high resolution magnetic imaging in the
laboratory in absence of synchrotron facilities.

1. Introduction

As a newly evolving field, spintronics has become an important
research area in information technology, such as data storage and lo-
gical devices [1-3]. Ferromagnetic materials with characteristic spin-
polarization play a fundamental role in nano-scaled spintronic struc-
tures. Furthermore, the study with a focus on magnetic properties of
multilayered films has attracted more and more interests, especially the
magnetic domain structures dominated by surface and interface. This
creates an urgent demand of characterization techniques for magnetic
domains with high spatial resolution on a microscopic scale [4]. Among
methods for magnetic domain imaging, photoemission electron micro-
scopy (PEEM) is sensitive to the spectroscopic information directly from
the magnetic films and surfaces through photoemission process with
variable excitation sources [5,6]. A typical choice to obtain the mag-
netic contrast is x-ray PEEM (X-PEEM), a combination of PEEM and
synchrotron radiation light source [7-9]. By using monochromatic x-
rays with circular or linear polarizations, the domain images based on
magnetic circular dichroism (MCD) and magnetic linear dichroism
(MLD) can be obtained by the secondary electron intensity distribution

at the sample surface [10-15]. Both the elemental and magnetic spe-
cificity make it a considerably powerful tool to investigate the magnetic
domains. However, X-PEEM can only be equipped in synchrotron fa-
cilities, and the limited beam time together with confined space to
accommodate both in situ molecular beam epitaxy (MBE) system and
PEEM make it difficult to be widely applied. Therefore, it is extremely
attractive to carry out research on the nano-scaled magnetic domains in
the laboratory, where the high-quality thin films can be in situ grown
and characterized simultaneously based on PEEM.

Recently, threshold PEEM system using light sources with photon
energy close to the typical values of work function have been applied to
investigate the magnetic contrast both in theoretical [16-18] and ex-
perimental studies. For example, a MLD asymmetry of 0.37% was ob-
served by Marx et al. on a 100 nm Fe film using PEEM equipped with a
mercury arc lamp with UV photon energy of 4.9 eV [19]. Furthermore,
circularly polarized laser light with different wavelengths such as
635nm [20-22], 405nm [23], 325 nm [20-22] and 267 nm [24] were
applied to perform MCD measurements, respectively. The pioneering
work above provides a novel method to investigate surface magnetic
domains by photoemission technique. For a typical excitation by laser
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sources in threshold PEEM system, a usual process to reduce the work
function by depositing caesium was used [20-23]. Another direct way
to overcome the work function is to use excitation sources with higher
photon energy. Deep ultraviolet (DUV) laser light is a considerable
choice to provide higher photon energy. Previous work by using
266 nm laser with photon energy of 4.66 eV was performed in aberra-
tion-corrected PEEM system [25]. However, a Cs deposition process is
still necessary to obtain magnetic contrast of perpendicular FePt thin
films although 4.66 eV is close to the work function of 3d magnetic
metals (4.5eV, 5.0eV and 5.2 eV for Fe, Co and Ni, respectively [26]).

As a powerful source, the DUV laser (A = 177.3nm, hv = 7.0eV)
has been proved to be a reliable and efficient choice for photoemission
technique on surface investigation in PEEM system with high spatial
resolution [27] and angle-resolved photoemission spectroscopy
(ARPES) with an energy resolution better than 1 meV [28]. In this
work, the 177.3 nm DUV laser with variable polarizations was applied
as an excitation source in a PEEM system to carry out a detailed study
on the magnetic contrast. The domain patterns with high resolution of
43.2 nm was observed directly based on both MCD and MLD for in situ
epitaxially grown FePt films, demonstrating the feasibility of the DUV-
PEEM as a solution for magnetic imaging with high spatial resolution.

2. Materials and methods
2.1. Sample fabrication

A set of FesoPts films with different structures of the buffer layer
were prepared on polished MgO (001) single crystal substrates by using
a molecular beam epitaxy (MBE) system with base vacuum better than
7.0 x 10~ mbar. The MgO substrates were cleaned by acetone in an
ultrasound bath prior to the deposition and annealed at 750 °C in the
MBE chamber for 2 h after a 20-min degas process at 850 °C to form a
clean surface which was further characterized in situ by reflection high-
energy election diffraction for epitaxial growth. The thickness of FePt
layer was 20 nm, where Fe and Pt were co-evaporated by electron beam
heating with separated sources. Substrate temperatures for FePt de-
position were set at 500 °C and room temperature (RT) to form the L1,
phase and disorder phase, respectively. Cr growth was achieved by
thermal evaporation source with the temperature of 1450 °C. The for-
mation of a 5 nm thick Cr step was performed by setting an appropriate
location of a gradient shutter between the effusion cell and the sub-
strate to limit the evaporation beam area.

2.2. DUV-PEEM setup

The DUV-PEEM system with a base pressure better than
3 x 107 !° mbar is connected to the MBE chamber. Therefore, the
sample can be immediately transferred to the DUV-PEEM analysis
chamber when the deposition is accomplished. A 15-kV voltage is ap-
plied to the sample holder to accelerate the photoelectrons between the
sample surface and the objective lens.

As shown in Fig. 1, three excitation sources are integrated in the FE-
LEEM /PEEM P90 system (SPECS, GmbH). A 100 W Hg arc lamp pro-
duces UV photons with an energy of 4.9 eV. The angle of UV light in-
cidence with respect to the microscope axis and the surface normal is
about 75°. The deep ultraviolet from the diode-pumped laser (DUV-
DPL) passes through the prism chamber and the objective lens, and it
excites the sample at an angle of smaller than 5° in a nearly normal
incidence geometry. For LEEM (Low Energy Electron Microscopy)/
LEED (Low Energy Electron Diffraction) observation, cold field emitter
is applied as an electron source. Electron beam is generated by the
electron gun and deflected over a 90° angle by magnetic array in prism
chamber leading to a normal incidence to the sample surface. The best
spatial resolution of PEEM and LEEM observation obtained in this
system is 10 nm and 5 nm, respectively.

The 177.3nm DUV laser light is produced by second-harmonic
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Fig. 1. A schematic layout of the DUV laser-based LEEM/PEEM system.

generation using a 355nm UV laser and a prism-coupled technique
(PCT) device with a KBe,BO3F, (KBBF) nonlinear optical crystal [29].
The photon energy of DUV is hv = 7.0 eV, which is large enough to
overcome usual work function of the metallic materials for photo-
emission process, even including some heavy metals such as Pt and Ir.
Variable polarizations of DUV make it possible to carry out the MCD/
MLD PEEM experiments for magnetic domain imaging. As shown in
Fig. 2, circular polarizations and helicity switching can be performed by
introducing a rotatable quarter-wave plate in the laser path. Likewise,
linear polarization of the DUV laser becomes controllable by changing
the angle between the optical axis of a half-wave plate and the electric
field vector E of the laser. A tube with CaF, windows on both ends and
pumped by a turbo-molecular pump connects the DUV laser source and
the PEEM system. After evacuation, the laser chamber and the tube are
filled with high purity nitrogen to ensure a high efficiency of DUV
transmission during the experiments. The laser pulses have a duration
of 12 ps and repetition rate of 118.3 MHz, and the spot size is less than
1 mm in diameter. Due to the space charge effect [22,30] and an ap-
propriate acquisition time, the output power is chosen at 320 uW to
perform high resolution domain imaging.

(@

(b)

355 W

Fig. 2. Schematic drawings of the DUV laser optical system with circular (a)
and linear (b) polarizations.
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Fig. 3. (a) Schematic structure and out-of-plane hysteresis loop of MgO (001) sub. /Cr (5nm)/Pt (10 nm)/FePt (20 nm grown at 500 °C) films. (b) LEEM image
(Ep, = 8.6eV) and LEED (E, = 16.3 eV) pattern (inset) of FePt film. (c) Magnetic domain (contrast enhanced) of the area marked by a red dashed rectangle in (b)
taken with circularly polarized DUV laser. (d) Magnetic domain image of the FePt films with the same structure obtained by magnetic force microscopy. (e)
Normalized line profile with the estimated spatial resolution from selected area marked in inset. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

3. Results and discussion

The 20 nm thick FesoPtso film with L1, ordered structure was de-
posited at 500 °C. The sample structure was MgO (001) /Cr (5 nm)/Pt
(10 nm)/FePt (20 nm). A Cr seed layer was applied to induce the epi-
taxial growth of Pt buffer layer. The clean Pt (001)-oriented surface in
favor of the FePt ordered phase formation was achieved after 30-min
annealing at 600 °C for minimization of the lattice strain. Fig. 3(a)
shows a schematic drawing of the L1, FePt sample structure and out-of-
plane hysteresis loop obtained using the vibrating sample magnet-
ometer (VSM). The coercivity was about 3500 Oe, indicating an ordered
structure of FePt layer with perpendicular magnetic anisotropy (PMA).
More details about the growth and magnetic properties can be found in
Ref. [31,32].

Topographic observation was performed in LEEM mode using
PEEM/LEEM system. The LEEM image (primary energy of the incident
electrons, E, = 8.6 eV) shown in Fig. 3(b) indicates a surface with is-
land-like morphology, in good agreement with previous studies of L1,
FePt film by atomic force microscopy (AFM) [33]. A (001)-oriented
epitaxial relationship with a clean surface was confirmed by the sharp
LEED pattern (E, = 16.3eV) as shown in inset of Fig. 3(b). By in-
troducing the 177.3nm DUV laser, photoelectrons can be excited
without surface work function reduction because the photon energy
(hv = 7.0 eV) is much larger than the work function of general mag-
netic thin films (such as 5.0 eV). With normal incidence of circularly-

polarized laser, the MCD contrast in photoemission from perpendicu-
larly magnetized surface can be detected. A quarter-wave plate was
placed with its axis at = 45° from the linear polarization vector of the
DUV laser to switch the helicity of circular polarization. For MCD-PEEM
measurements, images with left (frame 1) and right (frame ) circularly
polarized DUV laser light were taken separately. 10 frames were col-
lected (the integration time of each frame was 1500 ms) for the aver-
aged image to obtain a sufficient signal-to-noise ratio. The MCD image
was obtained by dividing the two normalized frames with opposite
helicity on a pixel-by-pixel base so that the work function contrast,
topographical contrast or other non-magnetic surface information can
be suppressed [4]. Fig. 3(c) shows the measured magnetic domain
image (contrast enhanced) of the selected area marked by a red dashed
rectangle in Fig. 3(b) with the circularly polarized DUV laser light ex-
citation. It is a typical labyrinth pattern of domain structure of L1, FePt
film [33], and the similar image was further characterized by magnetic
force microscopy (MFM) shown in Fig. 3(d). By comparison with the
LEEM image, the magnetic domain contrast can be clearly distinguished
from the surface topography. The spatial resolution can be estimated by
the lateral distance between 16% and 84% of the maximum emission
intensity. As shown in Fig. 3(e), the estimated resolution is obtained
from the normalized intensity curve corresponding to a line profile of
the selected area on the MCD image marked by the red rectangle in
inset. The calculated value was approximately 43.2 nm, which is on
same level as the spatial resolution of X-PEEM typically in the
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Fig. 4. (a) Schematic drawing of a Pt buffer layer with Cr step. (b) UV PEEM image of Pt buffer layer consisting of two orientations. LEEM and LEED patterns of the
selected areas marked by blue rectangles in (b): (c) dark area A, (d) light area B and (e) boundary area C. (f) DUV PEEM image of the selected area marked by a red
dashed rectangle in (b). (g) Linear dichroism image of the same area as (f). (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)

20-100 nm range for magnetic imaging [4,34-36]. The averaged MCD
asymmetry,

_ (/h — (r/TL)2

N
ep Ir/I)1 + (IR/11)

(€8]
between the light (1) and dark (2) areas in the ratio image shown in
Fig. 3(e) was 2.2%, where Iz (Ir) is the emission intensity of frame
(frame g). It was lower than the value in previous study using UV laser
source with surface work function tuning [20]. For the higher DUV
photon energy of 7.0 eV used here, the total magnetic dichroic signal is
an average over all involved electronic states (around 2 eV below Fermi
level for FePt), which may lead to a lower asymmetry. On the other
hand, the DUV may also excite additional spin-orbit hot spots, which
can increase the asymmetry. The final asymmetry is determined by
above two effects [17,18,37].

Furthermore, orientated growth of FePt film was determined by the
crystal structure of Pt buffer layer according to a parallel alignment of
their epitaxial orientations. For Pt growth, (111)-oriented structure was
formed directly onto the MgO (001) surface at room temperature due to
interfacial energy minimum [38,39]. However, an epitaxial Pt (001)
structure can be obtained after introducing a Cr seed layer on the MgO
surface. Based on this, epitaxial FePt films with different structures can
be achieved by this buffer layer process.

For 10 nm Pt buffer without Cr seed layer, (111)-orientated struc-
ture was formed, inducing a homogeneous crystal structure of 20 nm
FePt layer. VSM results show that the magnetization of the (111)-or-
iented FePt film with in-plane magnetic anisotropy has a noticeable
decrease (approximately 82%) compared with that of the ordered
structure, and no MCD contrast can be observed on this sample.
Moreover, for the two samples mentioned above, no clear MLD contrast
was observed.

According to the above discussion about Pt growth on MgO (001)
substrate, a buffer layer consisting of both (001) and (111) orientations
was designed by introducing a Cr step across MgO surface. Fig. 4(a)
shows a schematic drawing for the sample structure, and the Cr eva-
poration was controlled by a gradient shutter during the deposition to
cover only half of the sample surface, forming a 5 nm Cr step in height.
With this process, the two differently oriented structures of Pt (001) and
(111) coexist, where each orientation covers half of the sample surface.
As shown in Fig. 4(b), a UV PEEM image demonstrated the formation of
a Pt surface with two oriented directions. Due to the difference in work
function, 5.84 eV for Pt (001) surface and 5.93 for Pt (111) surface
(experimental results through field-emission measurements in Ref.
[40]), work function contrast could be observed between the dark and
light areas, indicating the clear boundaries of the two oriented struc-
tures. Three areas, corresponding to dark area (A), light area (B) and
boundary area (C) marked with blue rectangles on Fig. 4(b), were se-
lected for LEEM and micro LEED observations. Fig. 4(c) presents the
LEED pattern and the LEEM image of the area (A) with incident elec-
trons of 26.8 eV and 11.2 eV, respectively. The well-spaced morphology
with atomic steps can be observed from the LEEM image, and a typical
(111)-oriented LEED pattern composed of sharp spots indicates an
(111) orientation of the Pt surface in the selected area. The (001)-or-
iented structure in area (B) was confirmed by the LEED pattern
(E, = 16.3eV) of 5 X 1 reconstruction shown in Fig. 4(d). An island-
like Pt (001) surface topography shown in the LEEM image (Fig. 4(d),
E, — 3.8 eV) suggests a completely different morphological feature from
that of Pt (111) surface. The boundary between these two phases can be
clearly recognized by LEEM images shown in Fig. 4(e). Accordingly,
both work function contrast and topographic difference indicate the
effect of Cr step to the coexistence state of Pt (001) and Pt (111)
structures. Fig. 4(f) shows a PEEM image obtained by introducing the
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Fig. 5. (a) UV PEEM image of FePt film deposited on Pt buffer and Cr seed layer with two orientations. LEED patterns of selected areas marked by blue rectangles in
(a): (b) light area I and (c) dark area II. (d) DUV-PEEM image of the selected area marked by a red dashed rectangle in (a) taken with linearly polarized laser. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

DUV laser of a selected area marked by the red dashed rectangle in
Fig. 4(b). Compared with the results by UV light excitation, more sur-
face details can be observed. Fig. 4(g) shows the results with linear
dichroism obtained by two images taken with polarizations of light that
differ by 90°, and no clear contrast can be seen. A similar result was
obtained in the circular dichroism measurement, indicating that non-
magnetic contrast caused by other mechanisms such as work function
contrast and topographical contrast is significantly reduced in the final
ratio image.

Based on this buffer layer with special structures mentioned above,
20 nm FePt film with (001) and (111) crystalline orientations was
epitaxially grown. UV PEEM image shown in Fig. 5(a) indicates clear
boundaries between the dark and light areas after FePt deposition at
500 °C. The FePt structure can be confirmed by micro-LEED observation
on the selected areas marked by blue rectangles in Fig. 5(a). Fig. 5(b)
shows the micro-LEED pattern at 16.3 eV on area I, indicating a (001)-
oriented FePt film in the light area. Furthermore, a LEED pattern of the
(111)-oriented surface [shown in Fig. 5(c), E, = 31.9eV] can be ob-
served in dark area II. The LEED patterns indicate the epitaxial relation
between the Pt buffer and the FePt layer. Similar to the results of UV
PEEM image of Pt buffer layer, a work function difference between the
two different orientations can be found. The dark area corresponds to
the (111) orientation, which results from a higher surface work func-
tion. A dark area marked by the red dashed rectangle with a size of
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15um X 15 um was selected near the boundary of two phases for DUV
laser PEEM observation. Both circularly polarized and linearly polar-
ized DUV laser light were applied to investigate magnetic dichroism.
Fig. 5(d) shows the PEEM image of selected area taken with linearly
polarized DUV. It clearly indicates that more surface fine structures can
be observed with the higher photon energy.

For MCD measurement, the same method for FePt sample with a
(001)-oriented structure was investigated. Fig. 6(a) and (b) show the
DUV PEEM images taken with left and right-circularly polarized (LCP,
RCP) light respectively. To eliminate non-magnetic contrast, the image
with RCP light was divided by the one with LCP light. Finally, the
magnetic domain images can be obtained as shown in Fig. 6(c). The
domains observed on this area have a much larger size than those
shown in Fig. 3(c). By applying Eq. (1), an averaged MCD asymmetry
between the light (1) and dark areas (2) in the radio image shown in
Fig. 6(c) is 2.5%.

Our DUV-PEEM observation shown in Fig. 3 indicates a negligible
MLD contrast for FePt films with single crystal structure. The similar
method was performed for MLD measurements of the (001) and (111)-
oriented FePt films. Fig. 6(d) and (e) show the DUV-PEEM images taken
with linearly polarized light from the same area in Fig. 6(a—c). The
polarizations were shown by red arrows in both images. Compared with
the MCD results shown in Fig. 6(a-b), a more obvious magnetic contrast
with the same domain patterns can be directly observed from MLD
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Fig. 6. DUV-PEEM images taken with (a) left-circularly polarized and (b) right-circularly polarized light. (¢) MCD image of FePt film. (d)-(e): DUV-PEEM images
taken with linearly-polarized laser (polarization shown by red arrow). (f) MLD imaged of FePt film. (g) Polarization dependent MLD asymmetry for the selected area
(field of view in insets: 4 um in diameter). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

measurements shown in Fig 6(d) without any further image processing,
indicating that the magnetic information of this area is more selectively
excited by linearly polarized DUV. By placing the axis of the half-wave
plate at 45° from the electric field vector of the incident light, the di-
rection of polarization will be changed by 90°. As shown in Fig. 6(e),
magnetic contrast is reversed when the DUV polarization is rotated by
90°. Fig. 6(f) shows the MLD images obtained by a similar measurement
as that for the MCD. With the improved signal-to-noise ratio due to a
higher magnetic contrast, the MLD asymmetry:

(I./1), — (./L),

ML), + (LD,

(2)

between the light (1) and dark (2) areas in the radio image shown in
Fig. 6(f) is 11.5%, where I.. and I, is the intensity of PEEM images with
corresponding polarizations, respectively. The MLD asymmetry is 4.6
times larger than that of MCD asymmetry. The best spatial resolution of
the magnetic domains obtained by linearly polarized DUV laser was
estimated as 47.1 nm which is similar to that of the MCD measurements
in Fig. 3(d).
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The polarization dependence of the MLD asymmetry was studied by
varying the angel between the axis of the half-wave plate and the initial
direction of laser polarization, in analogy to earlier x-ray [41] and laser
[42] experiments of multiferroic BiFeO3 system with a tunable polar-
ization. As shown in Fig. 6(g), the measured asymmetry was increased
from O to 11.5%, reaching the maximum at 45° corresponding to a 90°
deflection of polarization. With further increasing rotation angle, the
asymmetry shows a symmetrical change from 45° to 90°. The insets of
Fig. 6(g) present the various magnetic images with various half-plate
rotation angles. According to this relationship together with the com-
parable domain patterns obtained by circularly-polarized light, it is
reasonable to conclude that the MLD contrast excited by DUV laser can
be confirmed. This result suggests the same feasibility of linearly po-
larized laser on magnetic domain imaging as circularly polarized laser,
which has been predicted by previous theoretical study [43].

4. Conclusion

In summary, magnetic contrast based on MCD/MLD was obtained in
a PEEM excited by a DUV laser (A = 177.3nm and hv = 7.0 eV) for the
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first time. Due to the high photon energy, magnetic images can be
clearly observed for oriented FePt films in MCD and MLD measure-
ments without reducing the surface work function. Our results de-
monstrate that the DUV laser is a powerful source for magnetic domain
imaging in combination with PEEM. The valence band structure and the
density of states of FePt magnetic thin films should be further explored
by using the DUV laser in order to have a deeper insight into the origin
of the observed magnetic dichroic effects.
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