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Abstract: By using focused soft X-rays, magnetic domain imaging based on X-ray magnetic circular
dichroism (XMCD) measurements was performed on a Pt/Co/Cr,Os/Pt film that exhibits both
perpendicular magnetic anisotropy and perpendicular exchange anisotropy. In the AC-demagnetized
state, spatial distributions of the XMCD corresponding to the magnetic domains were clearly
observed. In particular, ferromagnetic and antiferromagnetic magnetic domains were separately
observed by tuning the photon energy to either the ferromagnetic Co Ls; edge or the
antiferromagnetic Cr L3 edge. The ferromagnetic domain pattern is similar to the ones previously
reported for Co/Pt multilayers, and the ferromagnetic and antiferromagnetic domains are spatially
coupled. The magnetization curve measured after cooling the sample, while maintaining the
demagnetized state, exhibited positive and negative exchange biases simultaneously, which suggests
that the exchange bias is determined on a domain-by-domain basis.
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1. Introduction

Imaging of magnetic domains provides fundamental and essential information about magnetic
properties such as the magnetization process and the spatial distribution of magnetic interactions [1].
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Magnetic domains have been imaged by several microscopic techniques such as magnetic force
microscopy [2], magneto-optic Kerr microscopy [3], and X-ray microscopy with dichroism [4,5].
While most techniques are applicable in the case of ferromagnetic (FM) materials, the direct
observation of antiferromagnetic (AFM) domains is still a non-trivial matter because macroscopic
magnetization is compensated in an antiferromagnet. Antiferromagnets have been extensively used in
magnetoresistive devices in which the AFM layer is used to induce exchange bias [6,7,8], i.e. to fix
the FM magnetization adjacent to the AFM layer in a certain direction [9]. The rather simple model
proposed by the discoverers, Meiklejohn and Bean, overestimates the exchange bias field [6]; to
solve this discrepancy, many models have been proposed in which the magnetic domain size and/or
the motion of the AFM layer are taken into account [7,8,10,11,12]. Hence, we can access the central
issue of the exchange bias by direct observation of FM and AFM domains and their coupling.

AFM domains have been imaged by means of element-specific microscopic techniques such as
photoemission electron microscopy (PEEM) with X-ray magnetic linear dichroism (XMLD) [13-17].
Since XMLD does not require uncompensated AFM spins, this technique is applicable for the fully
compensated AFM layer. While this technique is a powerful tool for the AFM domain imaging,
sometimes the collinear spin configurations cannot be distinguished, depending on the electric field
vector of the incident X-ray. This confinment is particularly serious for the perpendicular
exchange-biased system, which is required for spintronic devices with low power consumption and
high integration. In the simple perpendicular exchange-biased system, FM and AFM spins are
restricted to up or down, and thus the spin configuration is always collinear. Nevertheless, this simple
spin configuration is suitable for the investigation of the coupling between FM and AFM domains. In
order to access this simple spin configuration, X-ray magnetic circular dichroism (XMCD) and
XMLD are used in a complementary way.

In our previous paper [18], we reported that this simple spin configuration is realized in the
Pt/Co/Cr,05/Pt perpendicular exchange-biased system, which can be a model system for the above
investigation. Furthermore, the perpendicular exchange bias of this system is controllable by an
electric field via the magneto-electric effect of Cr,O3 [19,20,21], and it was predicted that AFM
domain wall propagation dominates the switching process of the perpendicular exchange bias [21,22].
Hence, direct observation of the AFM domain in this system provides important information to
understand the detailed mechanism of the electric control of the perpendicular exchange bias.
However, up to now, the AFM domain and the coupling between FM and AFM domains in this
system have not been imaged directly. In this study, we imaged both FM and AFM domains in
Pt/Co/Cr,05/Pt thin films exhibiting perpendicular exchange bias and investigated their coupling by
means of soft X-ray microscopy combined with X-ray magnetic circular dichroism (XMCD).

2. Materials and Method

A Pt(1.5)/Co(0.5)/Cr,05(100)/Pt(20) film (where the numbers in parentheses represent the
thicknesses of the layers in nanometers) was prepared on an a-Al,O3(0001) substrate, using a DC
magnetron sputtering system with a base pressure below 5 x 107° Pa. First, the 20-nm-thick Pt buffer
layer was deposited on the substrate at room temperature and was annealed for 30 minutes at 673 K
to smooth the surface. The Cr,O3 layer was deposited on top of the Pt buffer layer at 773 K by
reactive sputtering, using an Ar and O, gas mixture. The Co and Pt layers were prepared at room
temperature. The gas pressure was maintained at 0.5 Pa during deposition of the Pt and Cr,Os layers
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and at 0.6 Pa during deposition of the Co layer. These procedures yielded a crystalline orientation
normal to the film in the Pt(111), Cr,O3(0001), and Co(111) films. The details of the preparation
conditions and crystalline quality of the sample may be referenced in our previous paper [18].

Prior to performing the XMCD measurements, we determined the magnetic easy-axis direction
of the fabricated film. Figure 1 shows the magnetization curves measured by the vibrating sample
magnetometer (VSM) and the polar magneto-optic Kerr effect (MOKE) measurement system. Note
that, because the FM layer thickness of our sample was only 0.5 nm, the magnetization value was
close to the sensitivity limit of the VSM, and thus in order to detect the magnetization signal with a
high sensitivity, the polar MOKE system was also used (blue line in Figure 1). When the magnetic
field was applied perpendicular to the film, the magnetization saturated easily, and the resulting
remanent magnetization is high. On the other hand, the magnetization increases linearly with an
in-plane magnetic field; both the remanent magnetization and coercivity are zero. This means that the
film exhibits perpendicular magnetic anisotropy (PMA), in agreement with our previous results [23].
The XMCD imaging and spectrum measurements described below were performed after the sample
had been demagnetized by application of an AC magnetic field perpendicular to the film.
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Figure 1. Magnetization curves of Pt(1.5)/Co(0.5)/Cr,03(100)/Pt(20)/substrate.
Magnetizations measured by the vibrating sample magnetometer (gray and red
curves) are shown on the left axis, and the polar Kerr signal (blue) is shown on the
right axis. The applied field direction was parallel (red) or perpendicular (gray,
blue) to the film plane.

The absorption and XMCD measurements were performed at the BL25SU beamline of the
SPring-8 synchrotron radiation facility. The optical and measurement setups are shown schematically
in Figure 2. The BL25SU beamline is equipped with twin helical undulators, in which the circularly
polarized soft X-rays are generated, and the helicity can be switched periodically by kicker
magnets [24]. The XMCD intensity is proportional to the projection of the magnetization onto the
direction of photon propagation, and the fabricated film exhibits PMA (Figure 1). In this work, to
accurately detect the tiny XMCD signal from the AFM spins, the soft X-ray beam was incident along
the direction normal to the film. Note that it is sometimes difficult to achieve the normal incidence of
the X-ray in a conventional PEEM setup.
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To image the magnetic domains based on the XMCD measurements, we used focused soft
X-rays. The emitted soft X-ray was focused on the sample by a Fresnel zone plate (FZP) and an
order-sorting aperture (OSA). In this setup, the spot size of the focused soft X-ray beam, estimated
by a knife-edge method, is less than 100 nm. The details of the optical and measurement setup will
be described elsewhere [25]. In measurement systems using focused soft X-rays, the transmission
configuration is often adopted [5,26-29] while the total electron yield (TEY) method is also
applicable [30]. In our experiment, the TEY method was employed to detect the soft X-ray
absorption in order to ensure surface sensitivity [16,31,32]. To utilize the TEY method, a bias voltage
of —18 V was applied to the sample. Using this setup, we performed two types of measurements: one
involved imaging of the spatial distributions of the soft X-ray absorption and XMCD, and the other
involved measuring the soft X-ray absorption (XAS) and XMCD spectra. For these two types of
measurements, the scanning axes were altered as shown in Table 1. For the imaging experiments, the
helicity of the incident X-rays was fixed as positive () or negative (4), and the z positions (the
incident X-ray orientation) of the OSA and sample were also fixed at the focused conditions. With
this configuration, the sample was scanned in the x-y plane to image the spatial distribution of the
absorption. In the present study, two scanning modes were adopted depending on the signal intensity:
the step scan and the continuous scan. In the step scan mode, the x and y motions were temporary
stopped and the signal was accumulated during the sampling time. The continuous scan mode is
usually used in scanning probe microscopy studies; in this mode, the sample was continuously
moved along the x direction line by line. While the image acquisition time depends on the scan
conditions, i.e. the scan step, the scan speed, the line step, and the sampling time, it was typically
about 1000 seconds. For the spectroscopy experiments, the helicity of the incident X-rays was
switched at a frequency of 1 Hz by the kicker magnets of the twin helical undulators. The soft X-rays
were made to irradiate a fixed point on the sample by maintaining the x and y positions. To retain the
focused conditions while the photon energy was changing, the z positions of the OSA and sample
were adjusted, synchronized with the photon energy, so that the A/B value would remain constant
(see Figure 2). The XCMD signals were obtained by calculating the difference between the
absorptions corresponding to the positive and negative incident X-ray helicities, s — g, while for
XMCD mapping, the XMCD signals were normalized by the absorption, (s — £0-)/ (1 + p1).
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Figure 2. Schematic drawing of optical and measurement setups.
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It is known that the Néel temperature of bulk Cr,Os is 307 K [33] and that it can decrease in the
case of thin films. We previously reported that the Néel temperature of the Cr,Os thin film was near
285 K, which is below room temperature [21]. Thus, in our experimental setup (Figure 2), the sample
was cooled via a thermal conductor, which connected the sample to a cryostat filled with liquid
nitrogen. Because the lowest accessible sample temperature in this setup was 205 K, the magnetic
domain observations were performed at room temperature (~ 295 K) and at 205 K.

Table 1. Scanning axes for absorption/XCMD imaging and spectroscopy.

Helicity X, y axes Z axis

Imaging Fixed Scanned Fixed

Adjusted according to the photon energy

itched at 1 H Fi
Spectroscopy Switched a z ixed to maintain the A/B ratio constant

3. Results and Discussion
3.1. Magnetic domain imaging and spectroscopy using focused soft X-rays

Before showing the results of FM and AFM domain observations, we show the instrumental
capability because magnetic domain imaging based on XMCD measurements using focused
X-rays—in particular with the TEY method—has been reported in very limited case [31,32]. Figure
3 shows the spatial distribution of the soft X-ray absorption measured at a photon energy of 778 eV,
Co Ls-edge. The energy resolving power E/AE is 1250. The measurements were performed at room
temperature. The images were obtained by the step scan mode with 400 nm steps, and the total
number of pixels was 151 x 151. The sampling time per pixel was 0.05 sec. Note that, in the images
shown in Figure 3, no contrast adjustment and no background correction were applied; the contrast
was simply maximized using the maximum and minimum values of each image.

Clear contrast is observed in this image, which was obtained by using incident X-rays with
fixed helicities. When the helicity is switched, the observed contrast is reversed as can be clearly
seen by comparing Figs. 3(a) and 3(b). If the observed contrast originates from the compositional
distribution, it should be independent of the helicity of the incident X-rays. Thus, the reversal of the
contrast indicates that the observed contrast is generated by the XMCD. Besides, the contrast
vanished in the summed image of x4 and g, Figure 3(c) and the image is rather homogeneous,
which is reasonable because Figure 3(c) provides the spatial distribution of the chemical composition
of Co that was deposited homogeneously. The weak contrast in Figure 3(c) may be due to the burn-in
of contaminants such as carbon that adhered to the sample in the atmosphere before it was introduced
into the XMCD chamber, or to an artefact caused by the measurement setup, in which the incident
X-ray intensity /o was measured before the FZP, whereas the generated current /; was measured after
the FZP (see Figure 2). The difference between Figs. 3(a) and 3(b) provides the spatial distribution of
the XMCD. The observed pattern is similar to the magnetic domain pattern observed by the MOKE
microscope (Figure 3(e)); the image shown in Figure 3(d) corresponds to the magnetic domain
pattern. In Figure 3(d), the red and blue regions indicate magnetic domains with down and up
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magnetizations, respectively. The magnetic domain pattern is similar to that observed in a
Co(0.6)/Pt(2.0) multilayer on an AFM IrMn layer [36] and in antiferromagnetically coupled
Co(0.4)/Pt(0.5) multilayers [37]. The dark curved line in Figure 3(c) and the white line in Figure 3(d)
may be caused by structural defects such as a grain boundary because these lines are also observed in
both the MOKE microscope image (Figure 3(e)) and in an optical microscope image (not shown).
Compared with Figs. 3(d) and 3(e), we cannot recognize the clear signature of the image drift in the
XMCD image despite the fact that the data acquisition times are highly different for the two
measurements: about an hour for Figure 3(d) and a few minutes for Figure 3(e). Thus, it is likely that
the thermal drift during the imaging is negligibly small.

(c) Absorption

y/um
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Figure 3. Spatial distribution of soft X-ray absorption at a photon energy of 778 eV,
Co Ls-edge. The helicity of the soft X-rays was maintained as (a) positive x and (b)
negative x4 during the measurements. (¢) and (d) represent summation, x + 4, and
normalized difference, (u — 2)/(u+ + p), respectively, of (a) and (b); these
correspond to the spatial distribution of total absorption and XMCD, respectively.
Dark blue and light blue contrasts in (a) and (b) represent the high and low
absorption intensity, respectively. Red and blue contrasts in (d) represent the
positive and negative XMCD, respectively. Spectra were measured at positions
denoted as A and B in (d) (see Figure 4). (e) Magnetic domain image observed by the
MOKE microscope.

In order to further ensure that the observed contrast is generated by the XMCD, the XAS and
XCMD spectra were measured on the oppositely directed magnetic domains, at the specific
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positions denoted as A and B in Figure 3(d). Figure 4 shows the measured spectra, and both XAS
and XMCD spectra were successfully obtained, which ensures that the observed contrast shown in
Figure 3(d) originated from the magnetic domains. The accuracy of the x and y positions was about
500 nm. Ideally, the accuracy of the x and y positions is comparable to the spot size of the focused
X-ray, but in actuality, it was restricted by the disturbance of the x and y positions that occurred
while moving the sample in the z direction to maintain the focused condition during the photon
energy change. Besides, the effective spin moment m; v+ and the orbital moment moy, can be
estimated from these spectra by sum rule analysis [38,39]. However, the integration range of the
photon energy, from 770 eV to 810 eV is insufficient for the precise estimation of m cfr and mqp,; the
insufficient integration range tends to overestimate mqn/ms o [29]. In addition, the degree of circular
polarization after passing through the FZP is unknown; comparing the XAS and XMCD spectra with
the reference spectrum (for example, Figure 1 of reference 21), the degree of circular polarization is
likely to be comparable to that of the un-focused soft X-ray before transmission of FZP, 0.96 [40].
Nevertheless, further investigation will be required to determine this precise value, which is beyond
the scope of this paper.
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Figure 4. Absorption and XMCD spectra measured at Co L 3;-edges. Measurements
were performed at positions (a) A and (b) B shown in Figure 3(d) while maintaining
the focused state of the soft X-ray beam. These spectra were collected by switching
helicity at a frequency of 1 Hz.

3.2. Spatial coupling between FM and AFM domains

FM and AFM domains were observed at the photon energy of 778 eV (Co L; edge) and 576 eV
(Cr L; edge), respectively. Note that the XMCD signal from the AFM spins is generated from the
interfacial uncompensated spins probably caused by the equilibrium boundary magnetization on the
Cr,05(0001) surface [34,41,42] that are exchange-coupled with the FM spins. Figure 5 shows the
spatial distributions of XMCD corresponding to FM and AFM domains. The images shown in (a)
and (b) were collected by the step scan mode with 500-600 nm steps and those shown in (c) and (d)
were produced by the continuous scan mode with the scan speed of 612 pum/s and line steps of
200-300 nm. Even at the Cr L; edge, the magnetic domain patterns were successfully observed. It
can be seen that the contrasts at Co L3 an Cr L; edges are reversed with respect to each other; this is
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due to the antiferromagnetic coupling between Co and interfacial uncompensated Cr spins [18]. It is
surprising that the XMCD contrast at Cr L; edge is observable at room temperature, above the Néel
temperature of the Cr,O; thin film. This implies that short-range order is induced in the Cr,O3 layer
in the vicinity of the Co/Cr,05 interface by the interfacial exchange coupling. The observed domain
at Cr L; edge pattern is similar to that of the FM domain, which indicates that these domains are
coupled. At room temperature, the boundary of the oppositely directed magnetic domain is not sharp
(Figure 5(b).) because the XMCD signal from the induced Cr spins is very weak. The AFM domain
becomes clear below the Néel temperature, and the AFM domain pattern is still same as the FM
domain pattern (Figure 5(c) and (d)). This is explained by the AFM domain formation process. As
mentioned above, the Néel temperature of the Cr,Oj; thin film is below the deposition temperature of
Co. In this case, when the FM domains are formed, Cr,Os is still paramagnetic although it is likely
that the induced spins in the Cr,Os; layer at the interface to Co already exist because of the
short-range-order in the vicinity of the interface. Because this short-range-order was designated as
the starting point for the long-range AFM order parameter, the magnetic domain pattern observed at
room temperature persisted below the Néel temperature.
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Figure 5. Spatial distribution of XMCD measured at (a), (b) room temperature and
(¢), (d) 205 K. Photon energy used for the imaging was (a), (c) 778 eV (Co L3 edge)
and 576 eV (Cr L3 edge). Measurements were carried out in the AC-demagnetized
state. Black solid lines in (b) and (d) represent the domain boundary of the
oppositely directed FM domains. Red and blue contrast in (a) and (c) represents the
positive and negative XMCD meaning that red and blue contrasts are generated by
the down and up Co spins, respectively. Orange and green contrast was induced by
the down and up uncompensated Cr spins as shown in a left schematic drawing.
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Matching of FM and AFM domain patterns is different from the situation with in-plane
exchange biased systems such as Co/NiO [13] and Co/LaFeO; [15] in which multi-FM domains were
observed on the individual AFM domains. This difference may be due to the allowable spin
configuration and the detection technique of AFM spins: XMLD or XMCD. In the in-plane
exchange-biased systems, the magnetic easy direction is typically fourfold symmetric in the film
plane and both FM and AFM spins can be oriented along the +x and +y directions. In this spin
configuration, when the electric field vector of the incident X-ray lies in the film plane, the two
domains with collinear in-plane projection cannot be distinguished by XMLD [13,15]; for example,
the AFM spins pointing to the +x directions generate the same magnetic contrast. In our system, as
shown in Figure 1, the FM layer exhibits PMA which restricts the FM spin orientation to the +z
directions, and the AFM spins are also restricted to up or down, the +z directions [18] owing to the
magnetocrystalline anisotropy and the crystallographic orientation of the Cr,Os layer [43]. In our
experiment, the soft X-ray beam was incident from the surface normal, and in this geometry, the
collinear spin configurations are distinguishable by XMCD. Hence, the results shown in Figure 5
provide direct evidence that the FM and AFM domain patterns are fully coupled. The coincidence of
FM and AFM domain patterns suggests that the interfacial exchange coupling dominates the AFM
domain pattern.

We further investigate the coupling of FM and AFM domains using the magnetization curve.
Figure 6 shows the polar MOKE loops measured at 141 K after zero-field cooling (ZFC). Before the
ZFC, the sample was demagnetized by an AC magnetic field, i.e. the sample was cooled while
maintaining the demagnetized state. In the magnetization curve, the positive and negative exchange
biases were observed simultaneously. The exchange bias fields are same for the positive and the
negative biases, and these values are identical to that measured after the field-cooling (see inset of
Figure 6). Among many models of the exchange bias, some models predict that the local exchange
bias fields are inversely proportional to the in-plane AFM domain size [44]. While the magnetic
domain sizes in our films are not especially uniform, as seen in Figs. 3 and 5, the above coincidence
of the exchange bias fields implies that the in-plane AFM domain model may not be available for our
system. This is because the underlying idea of the above model is that the uncompensated AFM spins
are induced by structural defects—for example, by interface roughness—and the width of the
exchange bias distribution is proportional to the uncompensated AFM spin per unit area [11,12]. In
contrast, the interfacial uncompensated AFM spins in Pt/Co/Cr,0; thin films are the result of the
roughness-insensitive equilibrium boundary magnetization of the Cr,O3(0001) surface [19,34,42] and
the amount of the uncompensated AFM spin is independent of the exchange bias field [34]. In this
case, the AFM domain pattern mimics the FM domain pattern via the interfacial exchange coupling,
especially when the film was cooled from above the Néel temperature. Then the exchange bias is
explained by the formation of the magnetic domain wall structure in the AFM layer as proposed by
Mauri et al. [10]. In this manner, the local exchange bias can be determined on a domain-by-domain
basis. The values of P and N displayed in the main part of Figure 6 reflect the area ratio exhibiting
the positive and the negative exchange biases, respectively, within the probed area. The reason why
the values of P and N are not equal is probably that the diameter of the probe laser used in the
MOKE instrument was below 0.1 mm, with the result that the probed areas of magnetic domains
with up and down magnetization were not equal.
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Figure 6. Magnetization curves of the studied film,
Pt(1.5)/Co(0.5)/Cr,03(100)/Pt(20)/substrate measured at 141 K after zero-field
cooling. Green, blue and red lines represent curves for the 1st, Sth and 10th
magnetic-field cycles, respectively. The inset shows the magnetization curve
measured after cooling in a constant field of —4 kOe.

The magnetization curve shown in Figure 6 also provides the stability of the magnetic domain
pattern. In the exchange-biased system, a training effect of the exchange bias, i.e. a reduction of the
exchange-bias field after repeated magnetic field cycling [7,8] sometimes occurs, and is explained by
the rearrangement of the AFM domain structure with each FM spin reversal [45]. As shown in Figure
6, neither the positive nor the negative exchange-bias field changes with the number of magnetic
field cycles; the training effect is absent. The absence of the training effect implies that AFM domain
patterns are stable under FM spin reversal, and this result also agrees with the prediction that the
interfacial uncompensated AFM spins are caused by the equilibrium boundary magnetization, and the
exchange bias is produced by individual AFM domains.

4. Conclusion

The FM and AFM domains in Pt/Co/Cr,0O5/Pt thin film were separately observed by XMCD
measurements using a focused soft X-ray beam. The AFM domain patterns were same as the FM
domain patterns, which means that the two types of domains are coupled. The magnetization curve
after cooling the sample while maintaining the demagnetized state exhibited the positive and
negative exchange biases simultaneously. Moreover, the training effect on the exchange bias was
absent for both the positive and the negative exchange biases, indicating that the rearrangement of
the magnetic domain structure is negligible. These results suggest that the exchange bias was induced
on a domain-by-domain basis.
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