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ABSTRACT

We perform low-temperature spin-polarized scanning tunneling microscopy (SP-STM) and spectroscopy mea-
surements in magnetic fields to gain new insights into nanomagnetism. We use the magnetic field to change and
control magnetizations of a sample and a magnetic tip, and measure the magnetic hysteresis loops of individual
Co nano-islands on Cu(111). We also exploit the high spatial resolution of SP-STM in magnetic fields to measure
maps of the differential conductance within a single Co nano-island. In connection with ab initio calculations, we
find that the spin polarization is not homogeneous but spatially modulated within the nano-island. We ascribe
the spatial variation of the spin polarization to spin-dependent electron confinement within the Co nano-island.

Keywords: spin-polarized scanning tunneling microscopy, spin-polarized scanning tunneling spectroscopy, nano-
magnetism, Co islands, Cu(111), magnetic hysteresis loop, spin polarization, electron confinement

1. INTRODUCTION

Our desire to make the density of a magnetic storage even higher drives us to explore a fundamental understanding
of magnetic properties and spin-dependent phenomena in magnetic nanostructures. To detect, control and
manipulate magnetic properties of magnetic nanostructures is a crucial key to the realization of a much higher
density of magnetic storage.! Spin-polarized scanning tunneling microscopy (SP-STM) and spectroscopy (SP-
STS), which exploit the dependence of the tunnel current on the relative orientation between tip and sample
magnetizations, the so-called tunnel magnetoresistance effect,?* are powerful techniques in this respect.>% SP-
STM and SP-STS have unveiled many aspects of nanomagnetism, surface magnetic structures even down to
atomic scale,” ¥ magnetization switching of magnetic nanoislands,'® ! and the lifetime of an excited spin state
in magnetic adatoms.'?

In this paper, we perform low-temperature SP-STM and SP-STS measurements of Co islands on Cu(111)
in magnetic fields. We use the magnetic field to change and control magnetization of a sample and a magnetic
tip, and extract the corresponding change of differential tunnel conductance (dI/dV’) of the tunnel junction. By
plotting the change of dI/dV signal as a function of field, we measure the magnetic hysteresis loops of individual
Co nano-islands.'®'* We also exploit the high spatial resolution of SP-STM in magnetic fields to measure maps
of the dI/dV within a single Co nano-island. We find a pronounced spatial modulation of the dI/dV signal
within the island due to electron confinement. Remarkably, the amplitude of the dI/dV modulation within the
single island strongly depends on magnetization configurations of the island with respect to the magnetic tip.
Comparing this experimental results with ab initio calculations, we demonstrate that the spin polarization is
not homogeneous but spatially modulated within the nano-island. We ascribe the spatial variation of the spin
polarization to spin-dependent electron confinement within the Co nano-island.!®17
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Figure 1. Ultra high vacuum system for low temperature STM in magnetic fields. The STM is cooled by liquid N2 and
liquid He cooled in a bath cryostat. This allows for STM measurements at 7 K in fields of up to 8 T. (a) and (b) Side
and top views of the system, respectively. Our system is composed of three chambers separated by gate valves, the STM
chamber, the preparation chamber, and the load lock chamber. (¢) Head of the STM with tip and sample inserted.

2. EXPERIMENTAL CONDITIONS
2.1 Experimental setup

The results presented in this paper have been obtained with an ultra high vacuum system for low-temperature
STM in magnetic fields.'® Figures 1(a) and 1(b) show side and top views of the system, respectively. The system
is composed of three chambers separated by gate valves: the STM chamber, the preparation chamber, and the
load lock chamber. The preparation chamber is equipped with a scanning ion gun, a home-built heating stage
to heat sample surfaces and tips by electron bombardment, and three e-beam evaporators to deposit different
materials onto tips and samples. The STM chamber has a cryostat, which is cooled with liquid Ny and liquid
He and is equipped with a superconducting split coil magnet. It allows to perform STM measurements at 7 K
in fields of up to 8 T. The field is oriented perpendicular to the sample surface. The STM head (Fig. 1(c)) is
suspended at the lower end of a two-meter long column, which is attached to the STM top flange. By using a
fork lift, the STM head can be transfered from or into the cryostat. Thus, in-situ sample and tip exchange is
possible. The details of the system are given in Ref. 19.

2.2 Preparation and measurement methods

We performed SP-STM measurements on Co islands on Cu(111). Cu(111) substrates were cleaned by cycles of
Ar™ ion sputtering (1 keV, 1.2 yA) and subsequent annealing at 700 K. Submonolayer quantities of Co (~0.4
ML) were deposited onto the clean Cu(111) surface by an e-beam evaporator at room temperature. Then the
sample was immediately transfered into the STM head and cooled down to low temperature in order to avoid
intermixing of Co and Cu.?® Figure 2 is a constant-current STM image showing an overview of Co islands on
Cu(111) prepared this way. The Co islands are two atomic layer high (~0.4 nm) and have a triangular shape.?!:22
The base length of the islands ranges from a few nanometers to 30 nm. W tips, heated to 2100 °C for a few
seconds, were used for spin-averaged measurements. Flashed W tip was covered with Cr/Co or Cr layers to get
magnetic contrast.!3 1416

STM images presented here were measured in the constant current mode with the tunnel current I of order
nA and the sample bias voltage Vg in the range —2 — 42 V. We measure the differential conductance (dI/dV’) by
adding an ac modulation signal to the sample bias voltage and detecting the resulting modulated tunnel current
by a lock-in amplifier. We exploit two measurement methods to obtain a dI/dV image. One method works with
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Figure 2. Constant-current STM image of Co islands on Cu(111). (Vs = —0.1 V, I = 1.0 nA.) Triangular double layer
high (~0.4 nm) Co islands are formed on Cu(111). The islands have a base length from a few nanometers up to 30 nm.

a closed feedback-loop, and the dI/dV image was recorded simultaneously with a constant-current STM image
at the tunneling parameters I and Vg. The other method works with an open feedback-loop.

The tip is stabilized at Viiqp and Igqp, and only then the feedback loop is opened. Finally the dI/dV signal
is recorded as a function of V. We measure such dI/dV (V') spectra at each pixel of a constant current image to
obtain a set of dI/dV images at different bias voltages V.

3. RESULTS AND DISCUSSION
3.1 Magnetic hysteresis loops of individual Co islands

Figure 3(a) shows a constant-current STM image of Co islands on Cu(111). We measure dI/dV (V) spectra at
the center of Co islands A and B in Fig. 3(a). To exclude an effect of position-dependent electronic properties of
Co islands on Cu(111),%%24 all spectra are recorded at the center of the islands. In Fig. 3(b), dI/dV (V') spectra
measured on the islands A and B at different magnetic fields are presented. All spectra show a pronounced peak
at —0.3 V, which is ascribed to a localized minority d surface state of Co on Cu(111).25 The dI/dV (V) signals
drastically change with the magnetic fields.

In order to clarify the magnetic field dependent change of the dI/dV (V') signals, we plot dI/dV (V') signals
at —0.5 V as a function of field for each island (Fig. 3(c)). The plots in Fig. 3(c) clearly show a symmetric and
hysteretic behavior of the dI/dV (V') signal with respect to the field. With increasing the magnetic field from 0 T
the dI/dV (V') signal at —0.5 V gradually increases, and at a critical point (1.625 T for the island A and 1.250 T
for the island B) the signal abruptly drops. Then the signal decreases with further increasing the field, and it
is saturated around 3 T. With decreasing the magnetic field from 4 T the dI/dV (V') signal gradually increases,
and comes back to its original value at 0 T. We observed a similar hysteresis loop of the dI/dV (V') signal for all
bias-voltages. The amplitude of the field-induced change depends on the bias voltage, which is apparent from
the sets of spectra in Fig. 3(b).

The dI/dV (V) signal with SP-STM depends on the relative orientation of the magnetic tip and sample
magnetizations.? 26 Taking into account that the magnetization direction of the Co islands is aligned along the
sample normal, which is an easy magnetization direction of the Co islands on Cu(111),2” we can ascribe the
gradual change of the dI/dV (V) signal to the rotation of the local magnetic moment of the magnetic tip apex in
response to the magnetic field.!> We ascribe the abrupt change of the dI /dV (V) signal at +£1.625 T and +1.250 T
to the magnetization switching of the Co islands A and B along the sample normal, respectively. Schematics in
Fig. 3(c) explain magnetization directions of the Co island and the magnetic tip. One might be wondering why
Cr covered W tips, which consist of an antiferromagnetic material, follow the applied magnetic field. This can
be understood by considering uncompensated spins at the tip apex of Cr tips.?2®8 STM tips have small clusters
at the end, which govern the tunnel current. Therefore, we conclude that an uncompensated magnetic moment
at the apex of the Cr tips gives rise to the gradual change of the dI/dV (V') signal in Fig. 3(c). Using this
technique we can precisely identify the magnetic configurations of the tip and sample magnetizations, parallel
(P) and anti-parallel (AP) states, as indicated in Fig. 3(c). This is a mandatory requirement for investigating the
spin-dependent quantum interference discussed in the following section. In addition, the technique allows us to
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Figure 3. Differential conductance (dI/dV’) hysteresis loops of individual Co islands at 7 K. (a) Constant-current STM
image of Co islands on Cu(111). (Vg = —0.51 V, I = 1.0 nA.) (b) dI/dV spectra measured at the center of island A and
island B for different external magnetic fields. (Vistar = +0.5 V, Istap = 1.0 nA.) (c) dI/dV hysteresis loops of islands
A and B. dI/dV signals at V = —0.5 V, which is indicated by the dotted lines in (b), are plotted as a function of the
magnetic field for each island. Arrows show the direction of the magnetic field sweep. The sudden signal drop indicates a
magnetization reversal at 1.250 and 1.625 T for the smaller (B) and larger (A) island, respectively. Schematics indicate
magnetization directions of the Co island and the magnetic tip. P and AP denote parallel and anti-parallel magnetization
configurations of the Co island with respect to the magnetic tip. These measurements were done with a Cr-coated W
tip.

access to magnetic switching fields of individual magnetic nanostructures. We find that the magnetic switching
field depends on the size of the nanostructure.'!13:27

3.2 Spin-dependent quantum interference within a single Co island

First we present results of quantum interference within Co islands on Cu(111). Figure 4(a) shows a constant-
current STM image of a Co island, which has a base length of 19 nm. Figures 4(b)—(e) present a series of dI/dV
images of the Co island of Fig. 4(a), measured at different bias voltages. These dI/dV images were measured
simultaneously with a constant-current STM image using the close feedback loop method (see Sec. 2.2). For
example, Fig. 4(c) and (a) were measured at the same time. We observe pronounced modulation patterns of the
dI/dV signal within the Co island. The spatial modulation pattern of the dI/dV signal drastically changes with
bias voltage. The dI/dV modulation shows a shorter periodicity with increasing bias voltage.

When electrons are confined to nanostructures, electron waves scattered off the boundaries of the nanostruc-
ture interfere and form a standing wave pattern. This gives rise to spatial modulations of the electronic local
density of states (LDOS), which have been observed by STM.??:3% The modulation observed in the dI/dV images
in Fig. 4 is ascribed to electron confinement of a s-p surface state of Co.?> The surface state starts around —0.2
eV below the Fermi level and shows a parabolic dispersion relation.??25 With increasing energy, the wave vector

(a) (b) V,=-0.17V  (€) Vi=-0.11V  (d) V,=+0.08V  (€) V.=+0.20V
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Figure 4. Evolution of electron standing waves on a Co island as a function of energy. (a) Constant-current STM image
of a Co island. (Vs = —0.11 V, I = 1.0 nA.) (b) to (e) dI/dV images of the Co island in (a) recorded at the indicated
voltages. The images were measured simultaneously with a constant-current STM image. These measurements were done
with a W tip in zero field.
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(k) of s-p surface state electrons increases and consequently the wavelength (A = 7 /k) of the standing waves
decreases. This explains our observations in Fig. 4 well. Figure 4, therefore, reveals that the LDOS within the
Co island is spatially modulated due to electron confinement of the s-p surface state. Note that in Figs. 4(b)—(e)
a modulation is observed outside the island, on the Cu(111) substrate surface. It is ascribed to the electron
quantum interference of s-p surface state electrons of Cu(111).3!

Next, we perform SP-STM measurements with a Cr/Co covered W tip to investigate spin-dependent electron
confinement. Figure 5(a) shows a constant-current STM image of a single Co island on Cu(111). Before measuring
a dI/dV image, we record a dI/dV hysteresis loop (not shown) using the technique explained in Sec. 3.1 to
characterize the magnetization orientation of the Co island with respect to the magnetic tip. We find that the
Co island in Fig. 5(a) exhibits a magnetic switching field of 1.3 T (see Ref. 16). We measure two dI/dV images
of the Co island with AP and P magnetization configurations of the Co island with respect to the magnetic tip
at —1.1 T. These maps are presented in Figs. 5(b) and (c), respectively. Both images were obtained using the
open feedback loop method (see Sec. 2.2). The images show a clear LDOS modulation with the same periodicity,
but significantly different intensities for AP and P states.

To clarify this difference, we calculate the asymmetry of the dI/dV signal as

) _ dI/dVap —dI/dVp O
WAV = A1 JdVap + dI]dVp’

where dI/dVap and dI/dVp are the dI/dV signals measured in the AP and P states, respectively. Figure 5(d)
shows a dI /dV asymmetry (Agr/qv) map calculated from the two dI/dV images in Fig. 5(b) and (c) using Eq. 1.
The Agr/qv around the Fermi level, V' = +0.03 V, exhibits a pronounced position dependence within the Co
island. The Co island exhibits negative A47/qy values near the edge of the island. In the center region, the island
shows positive values and a clear modulation of the Ag;/qy. The modulation pattern observed in the Agr/qv
map (Fig. 5(d)) resembles that of the LDOS in the dI/dV images (Fig. 5(b) and (c)).

The difference in the sign of A47/41 between near the edge and in the center of the Co island can be explained
by a rim state, which is spatially localized around the edges of the Co island.2? The rim state originates from a
minority d state.?3 In contrast, the center region of the island exhibits mainly the opposite spin character around
the Fermi level, which is ascribed to a majority s-p surface state.?> According to theoretical predictions,?% 32 we
can link the Agy/qy as defined in Eq. 1 to the spin polarization.

Aqrjav = —PrPs, (2)

where Pr (Pg) is the spin polarization of the tip (sample). We can assume that the spin polarization of the
tip, Pr, is constant since the magnetization direction of the tip and the applied bias-voltage are fixed in the two

(a) (b) ) (d)
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Figure 5. dI /dV-asymmetry map of a single Co island at 8 K. (a) Constant-current STM image of a Co island on Cu(111).
(Vs = =0.1 V, I =1.0 nA.) (b) and (c) dI/dV images of the Co island in (a). Both images were measured at —1.1 T,
but with different relative magnetization orientations between the Co island and the magnetic tip, (b) in AP and (c) in
P orientation. (V = +0.03 V, Viiap = 0.5 V, Isqp = 1.0 nA.) (d) dI/dV-asymmetry map calculated using Eq. 1 from
the two dI/dV images in (b) and (c). These measurements were done with a Cr/Co/W tip.
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Figure 6. Energy dependence of the dI/dV-asymmetry maps of the Co island at 8 K. (a) to (d) Experimental dI/dV-
asymmetry maps obtained on the Co island of Fig. 3(a). The dI/dV-asymmetry maps are calculated using Eq. 1 from two
dI/dV images measured at AP and P states. (Measurement conditions of dI/dV images: Viiap = +0.5 V, Istap = 1.0 nA,
~1.17T)

measurements of the df/dV image. Thus, Agy/qy reflects the spin polarization of the sample, Ps:

AdI/dV O(Ps. (3)

A comparison with density functional calculations confirms this assessment.'® Therefore, we conclude that a
negative Agr/qy near the edge of the island is ascribed to a negative spin polarization of the sample because
minority spin electrons originating from the minority d rim state are dominant, and that a positive Agy/qy in
the center region is attributed to a positive spin polarization of the sample because majority spin electrons from
the majority s-p surface state are dominant.

The modulation observed in the A47/qy map (Fig. 5(d)) can be interpreted in view of the spin selectivity of
electronic quantum confinement.'® The quantum confinement hardly influences energetically localized electronic
states but mainly affects energetically dispersive states. Since the majority s-p surface state is the only dispersive
state that Co islands on Cu(111) exhibit around the Fermi level, a modulation of the LDOS occurs mainly for
majority spin electrons. Thus the LDOS within a Co island is spatially modulated for majority spin electrons
but rather constant for minority spin electrons.!® 16 Therefore, A,y /dv > that is, the spin polarization within the
Co island, is spatially modulated due to spin-dependent quantum interference.'6

We investigate the energy dependence of Agy/qy maps of the Co island shown in Fig. 5(a). Figure 6 shows
the results. All Ag;/qy maps show a clear modulation in the center region of the island. The A47 /4y modulation
has a shorter wavelength with increasing bias voltage. This is the same trend we have already discussed in
Fig. 4. This similarity can be easily understood since the modulation patterns observed in the spin-averaged
data (Fig. 4) as well as in the Ag7/qy data is dominated by electron confinement of the s-p surface state. We
note that the modulation patterns do not originate from atomic structures since the periodicity of the standing
waves in the energy range considered, >1.5 nm, is much larger than the distance between neighboring Co atoms,
~0.2 nm. We find that the sign of the Ag;/qy changes with energy.

To understand this, we perform ab initio calculations of the spin-resolved LDOS above a bilayer Co film on
Cu(111). Figure 7 presents a plot of the spin-resolved LDOS above the Co film as a function of energy. We
find that the dominant spin character is strongly energy-dependent. This needs to be considered to understand
the spatial variation of the Agj7/41y within the Co island. We use the theory data of Fig. 7 to interpret our
experimental data shown in Fig. 6.

Around E = —0.15 eV and +0.30 eV, the minority spin electron shows higher LDOS than the majority spin
electron because energetically localized minority d states exist at £ = —0.25 and +0.30 eV, respectively. These
d states are hardly influenced by the electron confinement due to localization. Therefore, the spatially flat LDOS
for the minority spin electron is larger than the spatially modulated LDOS for the majority spin electron within
the Co island. This results in the negative spin polarization within the island, corresponding to the negative
Aqgr/qv observed in Fig. 6(a) and (d). Around the Fermi level, the majority spin electrons becomes dominant
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Figure 7. Calculated spin-resolved LDOS of a two-atomic-layer Co film on Cu(111) as a function of energy. Vertical

dashed lines mark the energy positions where the dI/dV-asymmetry maps in Fig. 6 are obtained. A color map indicates

the energy region where only negative, only positive, or both signs of dI/dV asymmetry are observed in the inner part of
the Co island in the experiment.

due to absence of specific electronic states of the minority spin electron. As we already discussed above, the
corresponding Agy/qy map in Fig. 6(b) shows the positive value. At E' = +0.25 eV the LDOS is the same for the
majority and the minority spin electron. Here the LDOS of the majority spin electron is not homogeneous but
spatially modulated. Therefore, the spatial distribution of the spin polarization is also modulated, and the sign
of the spin polarization changes depending on the magnitude of the modulation of the majority spin electron
LDOS. This is clearly visible in Fig. 6(c).

We note that with changing bias voltage (Fig. 6(a)-(d)), the Ag;/qy at the rim of the island varies. We
ascribe this change to the unique electronic properties found at the rim of Co islands.?®> Around the Fermi
energy the rim of the island shows a negative spin-polarization as already discussed above, whereas around —0.2
eV the rim area exhibits a positive spin-polarization.?3

A color map in Fig. 7 indicates the energy span where the experimental A gy map shows only positive,
only negative, or both signs of the Ag; /gy within the center region of the Co island in Fig. 5(a). It clearly
shows that the sign of the Aj;/qy and its spatial variation depend on the dominant spin character at a given
energy. Our results indicate that the spin-dependent quantum interference causes a spatial modulation of the
spin polarization within a magnetic nanostructure, and that local spin polarization within a nanostructure can
be controlled by tuning the energy at a given position or the position at a given energy.

4. CONCLUSIONS

We have performed SP-STM measurements on Co islands on Cu(111) in magnetic fields and at low temperature.
By exploiting the magnetic field dependence of the dI/dV, we demonstrated that magnetic hysteresis loops of
individual nanometer small Co islands can be measured. This technique allows us to access the response of
magnetic nanostructures to magnetic fields and to measure magnetic switching fields of individual magnetic
nanostructures. This opens a way towards a comprehensive characterization of magnetic properties of individual
nanostructures as a function of size, shape, and temperature. These studies will shed new light on magnetic
anisotropy and magnetization reversal on the nanoscale.!! We find that the spin polarization within an individual
Co island is spatially modulated due to spin-dependent quantum interference. The finding implies a possible
way to control local spin polarization within magnetic nanostructures. The technique of Ag; 4y maps allows us
to directly image energy-resolved spin polarization maps on nanostructures.
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