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1
General Introduction

This chapter introduces the studies that are presented in this dissertation. Motivated by

the possible application of magnetic nanoclusters embedded in non-magnetic solids for

data storage, an STM study on the growth of such buried nanoclusters was carried out.

The study was specifically done on the growth of Co nanoclusters that takes place in

the first several atomic layers of the Cu(001) substrate. The influence of the proximity

to the surface on the growth of the nanoclusters was the focus of the investigation.

The properties of the topmost region of the substrate differ from the bulk properties

and affect the formation of the nanoclusters. The use of STM in this subsurface study

is possible since subsurface objects induce surface features that can be probed by an

STM tip. As STM was implemented in this work, the remaining part of this research

is on the development of an alternative type of STM tip technology. This new type

of tips uses a cleaved flat thin conductive film as a probe instead of a metallic needle

from a wire commonly used in STM. This alternative type of STM tips provides the

possibility to engineer the properties of the probe via implementation of a vast variety

of materials as well as the embedding of artificial nano-/micro- structures in the probe.

The scope and objectives of this research are also discussed.

1.1 Introduction

Nanometer-sized magnets formed by up to tens of thousands of atoms, namely mag-

netic nanoclusters, have been studied for more than 50 years and can find technological

applications [1, 2]. For example, they are promising to be used in biomedical technol-

ogy as carriers for targeted drug delivery in human bodies or as heating agent for local

hypothermic cancer treatment [3, 4]. One of the selling points of those tiny magnets

1



2 Chapter 1. General Introduction

is the possibility to engineer their properties via a controllable modification on their

structural properties, such as size and shape, or via a variation of their environment.

Due to their small size, quantum mechanical effects on the clusters’ characteristics

become prominent. Besides that, the non-negligible surface-to-volume ratio makes the

properties of the surface also play an important role in determining the properties

of the nanoclusters. This leads to an interplay between the magnetic characteristics

of those nanoclusters, their structural properties, and the environment in which the

clusters reside.

The alteration of the magnetic properties of the nanoclusters due to the embedding

in different materials has been investigated [5–8]. When embedded in specific metals,

the interaction with the surrounding material can provide a thermal stability to the

magnetization of the nanoclusters [6, 7]. That stable magnetization can be used for

storing information, meaning those subsurface nanoclusters can be applied in data

storage devices. Regarding the searching of technologies for high density data storages,

the implementation of those buried nano-objects is worth a consideration [6, 7].

The possibility of the application of subsurface magnetic nanoclusters for data storage

triggered the research that is presented in this dissertation. The major part of this

research is devoted to the growth of such buried clusters, where the growth in the

location very close to the surface of the host material was investigated. The effects

of the properties of the host material on the processes that lead to the growth were

specifically inspected. One important aspect in such a subsurface study is the use of an

experimental technique that allows the characterization of individual nanostructures

hidden below the surface. The widely known surface analysis technique, scanning tun-

neling microscopy (STM), was used as the main characterization tool. The sensitivity

of STM to fine surface features was utilized to characterize single buried nanoclusters

as well as the individual subsurface atoms that form the clusters.

The implementation of STM initiated another part of this research where an alterna-

tive type of STM probes was introduced. While the conventional STM probes mainly

use metallic needles, the probes that were introduced use a flat thin (semi) conductive

film as the probe. This approach would enable the implementation a vast variety of

probe materials as well as the introduction of nanostructures embedded in the probe.

The possibility of functionalizing STM probes is thus opened up, which could lead to

the extension of the applicability of STM in various experiments.

In this introductory chapter, the motivation and some important concepts related to

this research are presented. The background that drove this work, which is related

to the application of subsurface nanoclusters for data storage, is discussed in Section
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Figure 1.1: Illustration of the recording medium in a hard disk drive. (a) A zoomed image
of the surface of recording medium. The surface is covered by magnetic nanoclusters/grains.
The red outline indicates the boundary of a single bit cell. (b) The approach of using bit
cells formed by single clusters/grains. The red outline indicates one bit cell. The clusters are
arranged in patterned arrays. Images (a) and (b) are taken from Ref. [9].

1.2. Although the application of those buried nanomagnets is beyond the scope of this

research, the discussion on the motivation of this study is important to present the

relevance of this work in the development of technology as well as material science.

In Section 1.3, the concept of the near-surface region is discussed. This concept is

the focus of this work. In Section 1.4, the application of STM in subsurface studies is

presented. Also specifically discussed in this section is the new type of STM probes

that was introduced in this research (Subsection 1.4.3). Section 1.5 presents the outline

to this dissertation as well as a general description about this research, including its

objectives and scope.

1.2 Motivation: Buried nanomagnets for data storage

1.2.1 Scaling down magnetic bits

Magnetic nanoclusters are used in two major magnetic storage device technologies: the

hard disk drive and the magnetic tape [9–12]. In those devices, each bit of data is stored

in a bit cell that is formed by tens up to thousands of magnetic nanoclusters∗ [see Fig.

1.1(a)]. The increasing amount of data that need to be stored has driven the increase

of the storing capacity of hard disk and magnetic tape drives. The amount of data

that can be stored per unit area, namely the areal recording density, has significantly

improved. While being only in the order of 1 kbits/in2 in 1950’s, the areal recording

density of hard disk drives and magnetic tapes nowadays can be up to ∼ 1 Tbits/in2

and ∼ 1 Gbits/in2†, respectively [10–15]. The improvement is facilitated by the bit

cells that have downsized due to the use of smaller nanoclusters that form them as

∗The term ”magnetic grains” is actually more commonly used instead of ”magnetic nanoclusters”.
†The possibility of obtaining magnetic tapes with an areal recording density of 148 Gb/in2 was

demonstrated experimentally [13].
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well as the decreased number of clusters per bit cell [13, 16, 17]. To anticipate the ever

increasing amount of data produced by human [12], the quest for data storage devices

with higher areal recording density is inevitable. New technologies such as the flash

memory and the magnetic random access memory (MRAM) have emerged [18–20].

Yet studies aiming at the improvement of the capacity of the hard disk and magnetic

tape drives are still going on [21].

The challenge in increasing the areal recording density of the major magnetic storage

devices nowadays is how to beat the lower limit of the size of the magnetic nanoclus-

ters in the bit cells [22]. To be applicable for preserving information, the magnetiza-

tion state of the nanoclusters in each bit cell must be stable under the influence of

temperature. Temperature can induce a spontaneous switching of their magnetiza-

tion. At a temperature T , the expectation time for the switching to occur is given by

τ = τ0 exp(E/kBT ), where τ0 is a prefactor which is usually in the order of 1 ns [23], kB

is the Boltzmann’s constant and E is the energy needed to switch the magnetization.

A nanocluster in a bit cell is considered to provide a thermally stable magnetization

if τ is at least in the order of tens of years at the room temperature Troom, implying

E & 40kBTroom [20]. The energy E equals the product KV , where K is the magneti-

zation anisotropy and V is the volume of the cluster. Therefore, there is a minimum

volume which provides thermal stability for clusters’ magnetization, setting the lower

limit of the size that an operational bit cell can have. Considering this, the upper limit

of the areal recording density of the state-of-the-art hard disk drives was estimated to

be ∼ 1.5 Tbits/in2 [16, 17, 24], which is already close to the highest areal recording

density of the current devices.

The problem due to the lower limit of the size of the magnetic bit cells has been

discussed since about two decades ago [25]. One solution that has been proposed

is to use one magnetic nanocluster as a single bit cell, where the nanoclusters are

arranged in patterned arrays [see Fig. 1.1(b)] [16, 17, 24–28]. With this one-cluster-

per-bit approach, it was demonstrated experimentally that the aforementioned ∼ 1.5

Tbits/in2-limit could be surpassed [17, 26]. Yet this approach will encounter the

size limit when the clusters downsize further, which would be needed in further im-

provement of areal recording density. In that case, the engineering of the magnetic

properties of the nanoclusters would be needed, to increase the magnetic anisotropy

K and to enable further reducing of clusters’ size.
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1.2.2 Buried nanomagnets

A significant part of the atoms in a nanocluster is located at its surface. Magnetic

properties of nanoclusters are strongly affected by the properties of those surface

atoms. A nanocluster that is embedded in a matrix can have its magnetic anisotropy

K affected due to the interaction between atoms at the interface. Depending on

the material of the nanoclusters and the matrix, that interface effect can result in

an enhancement of K [5, 8]. A significant increase of the magnetic anisotropy of

Co nanoclusters upon the embedding in a noble metal (Cu, Au, or Pt) and in an

antiferromagnetic (CoO) matrix was reported [6–8, 29, 30]. Such an enhancement of

K due to the interface effect is essential in downsizing the bit cells as discussed in the

previous subsection. With a proper choice of materials, magnetic nanoclusters that

are buried in a solid matrix are therefore promising for an application as the recording

medium in magnetic storage devices [6, 7].

Among the challenges in the application of subsurface magnetic nanoclusters in data

storage devices is the fabrication of such buried nano-objects that have properties

which meet the devices’ operational requirements. The properties of magnetic nan-

oclusters such as their shape, size, crystallographic structure, magnetic anisotropy, or

electronic band structure are in general intertwined with each other [2, 31, 32]. Their

structural properties, involving their shape, size, and crystallographic structure, are

strongly affected by the growth condition such as the environment of the clusters (liq-

uid, vacuum, gas), or the deposition rate [2, 33, 34]. The fabrication of nanoclusters

that have the desired properties requires the implementation of proper growth param-

eters. Sufficient knowledge about their growth is needed. Studies on the fabrication

or growth of magnetic nanoclusters have been done, mostly aiming at the preparation

of such clusters on a surface or in a solution [2, 33–40]. On the other hand, studies

devoted to the growth of subsurface magnetic nanoclusters have still been lacking [41].

1.2.3 Growing the buried nanomagnets

The fabrication of samples containing subsurface magnetic nanoclusters is usually

done by depositing the matrix material on top of a surface that already has magnetic

nanoclusters on it [see Fig. 1.2(a)]. This simple approach provides the possibility to

prepare on-the-surface nanoclusters using the known techniques. The morphology of

those on-the-surface clusters can thus be controlled and conveniently characterized.

Nevertheless, the morphology of those nanoclusters can change after the burying due

to the properties of the materials of the matrix and the nanoclusters. As an example,
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Figure 1.2: Simple illustration about the approaches to obtain subsurface nanoclusters. (a)
The nanoclusters are initially located in the surface. The burying is done by depositing the
matrix material on that surface. (b) The clusters’ material is injected into the matrix via
ion implantation. The injected material accumulates below the surface of the matrix. When
the matrix is annealed or irradiated with electrons/ions, nucleation and growth take place,
resulting in the buried nanoclusters. (c) The clusters’ material is deposited on the substrate
at a condition that leads the migration of the deposited material into the subsurface directly
after landing on the surface. The deposited material accumulates below the surface and the
subsurface nanoclusters form.

a difference in size of atoms in the nanoclusters and in the matrix generates strain on

both the nanoclusters and on the matrix. The strain can induce the evolution of shape

as well as the migration of the buried nanoclusters towards the surface as reported

previously [42]. The change in the morphology can induce changes of other properties

of the clusters.

Subsurface nanoclusters can also be obtained via a subsurface growth [41, 43–49]. In

this case, processes that lead to the formation of the nanoclusters take place inside

the host matrix. The interaction between the materials of the clusters and the matrix

during the growth can facilitate the formation of clusters with a morphology that suits

the materials’ properties. Obviously, the growth can take place only if the clusters’

material exists in the matrix. The injection of the material of the clusters into the

matrix is thus an important step in achieving a subsurface growth.

Several studies on the subsurface growth of magnetic nanoclusters were reported.

To introduce the clusters’ material into the matrix, ion implantation has been the

commonly used technique [see Fig. 1.2(b)] [41, 45–49]. The matrix is bombarded with

ions of the clusters’ material. The ions are initially accelerated to provide them a
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sufficiently high energy for a penetration into the subsurface region. The nanoclusters

usually form upon annealing or ion/electron irradiation that follows the implantation

[45]. Using this method, magnetic (Co, Fe, FePt) nanoclusters embedded several tens

of nanometers deep below the surface of dielectric matrices (SiO2 or Al2O3) were

prepared [41, 45, 47–49]. The main drawback of this method is the severe damages

on the matrix that can be induced by the material implantation. The energy of

the bombarding particles is usually high enough to create defects due to collisions

with the matrix atoms and electron shell excitation. The defects can irreversibly

modify the structural properties of the matrix such as the crystallinity [47]. The

modified properties of the matrix can strongly affect the properties of the resulting

clusters, making them inferior compared to those of the clusters that are not embedded

in the matrix. Besides that, a systematic study on the growth usually prefers the

implementation of a matrix with well-defined structures instead of the modified ones.

In this dissertation, a study on the subsurface growth is presented where the growth

of Co nanoclusters in a Cu substrate was investigated. In order to achieve the growth,

Co was injected into the Cu matrix via a self-embedding process instead of the bom-

bardment with high energy particles like mentioned above. Co atoms were deposited

on the substrate using an epitaxy method. The deposition condition was optimized

to facilitate the migration of the deposited atoms from the surface into the region

below the surface [Fig. 1.2(c)]. In this way, the injection of the material does not

induce damages on the matrix like encountered in the aforementioned implantation

technique. The injection via the self-embedding of Co atoms involves processes, such

as atomic exchanges and/or vacancy diffusion, that are governed by the properties of

the materials. In the topmost region of the substrate, the properties of materials are

generally affected by the closeness of the surface. This can affect the self-embedding

process as well as the formation of the nanoclusters, influencing the properties of the

buried clusters such as the shape and location in the host matrix. The effect of the

closeness of the surface on the formation of the nanoclusters is the main concern of

this study.

1.3 The topmost atomic layers of solids

1.3.1 The surface and the near-surface region

The outermost part of a solid, i.e. the first atomic layer (the surface‡) and the shallow

region below it, has attracted the attention of material scientists since several decades

‡Note that the definition of surface in some other literature may include the first several atomic
layers (e.g. Refs. [50, 51]).
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Figure 1.3: An illustrative picture to describe of the definitions of the terms surface, near-
surface region, and bulk region of a solid that are used in this dissertation. The yellow-filled
circles represent the atoms of the material. The semi-transparent gray-colored area represents
the near-surface region.

ago. The knowledge about that specific part of a solid is important because the

interactions between the solid and its surrounding take place there. The termination

of the solid by the surface influences the arrangement of atoms in the topmost atomic

layers so that it is not necessarily the same as in the deep bulk region. It was reported

that the spacing between the first few atomic layers of some metals, such as Cu, Ag, Au,

Ni, Pd, Pt, Al, and Pb, deviates from the bulk spacing which is known as the surface

relaxation [52]. The reconstruction of atomic arrangement at the surfaces of Au, Pt,

Ir, and W was reported as well [53–56]. These are examples of the deviation of atomic

arrangement in the topmost layers from the bulk. Those different atomic arrangements

in principle can induce discrepancies between the properties of the surface, the region

close to the surface, and the bulk region.

Processes that occur in the topmost atomic layers are mainly governed by the prop-

erties of that region instead of the bulk properties. The values of parameters that

describe processes occurring in the deep bulk are not always applicable for processes

taking place in the topmost layers. For a certain process or property, the bulk value

of the parameter that describes the process or the property is applicable only in the

region deeper than a certain depth ζ. The region in between the surface and that

certain depth ζ is called, in this dissertation, the near-surface region of that pro-

cess or property (see Fig. 1.3). The actual depth ζ can be different for different

processes/properties and dependent on several factors, such as the material and the

orientation of the surface. This is clearly illustrated by the phenomenon of surface

melting. The melting process at the first few atomic layers of a bulk material can

occur at temperatures below the bulk melting temperature [57–66]. In Pb, up to 20

molten layers are present on the (110) surface at temperatures below the bulk melting

temperature [60, 61]. In Al, molten layers can also be present on the (110) surface

as the temperature of the sample rises towards the melting temperature [65]. On the

contrary, surface melting is not present on the (111) surface of Al [63, 65]. This ab-
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sence of surface melting is attributed to the higher energy required to form defects

such as vacancies [63]. The formation of defects was reported to initiate the melting

at surfaces.

1.3.2 The near-surface region in Co-Cu system

As mentioned in Subsection 1.2.3, the growth of Co nanoclusters in Cu which is stud-

ied in this research involves the incorporation of Co into the Cu matrix via a self-

embedding process. Near-surface processes and properties, such as diffusion of Co

atoms and vacancies, as well as the energetics of Co in the topmost atomic layers of

Cu, are thus among the integral parts of the growth of those buried nanoclusters.

The diffusion of Co atoms could be the main process that leads to the aforementioned

Co incorporation. The diffusion of Co atoms is characterized by its energy barrier.

The values of the energy barrier for the diffusion into and across the (001) surface of

Cu were reported [67, 68]. The energy barrier for the diffusion into the second and

deeper layers near to the surface, to the best knowledge of the author, had never been

reported prior to this work. However, that barrier has been indicated to be lower than

the energy barrier for bulk diffusion. The deposition of Co atoms on a 540-K Cu(001)

substrate was reported to result in a structure where the surface contains only Cu

atoms while the deposited Co atoms are buried below the surface [69]. Assuming the

bulk value for the energy barrier for the diffusion into the subsurface region, a diffusion

that would burry almost all the deposited Co would occur only at & 800 K. An intense

diffusion of Co atoms into the subsurface region of Cu(001) at 540 K can occur only if

the energy barrier for the diffusion into the shallow region below the surface is lower

than the bulk value.

Vacancies play an important role in the diffusion of impurities with an atomic size

nearly the same as the host material. Diffusion of such impurity atoms, like Co atoms

in a Cu matrix, is mainly assisted by the diffusion of vacancies. The diffusion of

vacancies in the topmost layers of Cu(001) was investigated theoretically by Wang et

al. [70]. They showed that the energy barriers for the diffusion of single vacancies

in the first six atomic layers are lower than the bulk value, suggesting that the near-

surface vacancy diffusion in Cu(001) occurs in the second up to the sixth layers. The

experimental validation for this theoretical result has still been lacking. Related to the

diffusion of Co atoms in Cu, only the vacancy-assisted diffusion of Co atoms across

the first layer of a Cu(001) substrate has been studied experimentally in detail [68].

The role of vacancy in the near-surface diffusion of Co atoms in Cu still needs to be

examined.
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The energetics of Co in the host Cu matrix determines the favorable location of Co

atoms in the matrix as well as the stable structures that those atoms would form.

Studies on the energetics of Co in the topmost layers of a Cu substrate have mainly

been done for Co embedded in and below the (001) surface. Theoretical studies showed

that Co ultra-thin films, islands, atoms, and clusters that are located below the surface

of Cu(001) have lower energies than those that are located on the surface or embedded

in the surface [71, 72]. The calculation by Levanov et al. reveals that in the first three

atomic layers of Cu(001), the energy of Co atoms and clusters decreases as the depth

of their location increases [72]. That calculation result suggests that the energy of Co

atoms and clusters in Cu(001) is depth dependent. Levanov et al. also showed that

subsurface Co clusters in Cu(001) have lower energies than subsurface single Co atoms

do. Experiments that confirm some of those theoretical results have been reported.

Co films grown on the surface of Cu(001) were reported to be covered by Cu after an

annealing step [73, 74]. The capping by Cu is attributed to the segregation of Cu from

the substrate to the surface of the film, to bring the system into a configuration with

a lower energy [71, 73]. The deposition of Co nanoparticles on a hot (600 K) Cu(001)

substrate was reported to result in a phenomenon where those tiny particles burrow

themselves into the substrate [42, 75–78]. This phenomenon is driven by the lowering

of the system’s energy which is achieved when Co is located below the surface. Yet

other theoretical predictions such as the depth-dependency of the energies of Co atoms

and clusters still require experimental validation.

The discussion above illustrates the current understanding about processes and prop-

erties related to Co atoms and clusters in the topmost layers of a Cu substrate, which

is established mainly for those in the surface. The reported research on the near-

surface processes and properties are usually either incomplete or lacking experimen-

tal evidences. In the work presented in this dissertation, near-surface processes and

properties that are related to the growth of subsurface Co nanoclusters in Cu were

investigated. The near-surface region for the formation of those buried nanoclusters

was specifically addressed. This can be done by inspecting and analyzing the depth of

location of the individual Co atoms and clusters as well as the shape of the nanoclus-

ters. A technique that can be used to spot and characterize the hidden single atoms

and nanoclusters is obviously needed. Such requirements are met by STM, which is

discussed in the next section.
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Figure 1.4: The schematic drawing of topographic imaging using STM. The tip and the
surface separate by a small distance zt. A bias voltage V is applied between the tip and the
surface. The electrons tunnel through the tip-surface separation, resulting in a net current
It. The STM tip scans over the surface with the tunneling current is kept constant, ensuring
a nearly-constant surface-tip distance zt. The black curve represents the position of the tip
during the scan which resembles the surface’s topography.

1.4 Scanning Tunneling Microscopy beyond surface imaging

1.4.1 STM in surface science

Scanning tunneling microscopy (STM) was developed by G. Binnig and H. Rohrer

[79–81], who were awarded the Nobel Prize in 1986 for their design of the scanning

tunneling microscope [82]. STM is a surface imaging technique that can visualize

the topographic and electronic features of (semi) conducting surfaces with the atomic

resolution. The imaging process in STM is illustrated by Fig. 1.4. An atomically

sharp (semi) conducting tip is used to probe a (semi) conducting surface. The tip is

brought to a very small distance zt ∼ 1 nm from the surface, to enable electrons from

the surface transmitting through the tip-surface separation towards the tip and in the

other way around. The transmission of electrons through the tip-surface separation

is a quantum mechanical phenomenon called quantum tunneling. The tunneling of

electrons results in a net current It when a small bias voltage V is applied between

the surface and the tip. This current is very sensitive to the change in the tip-surface

distance as well as to any variation of the density of electronic states at the surface.

By scanning the tip over the surface and keeping the current It constant, the tip will

follow the topography of the surface§. The STM image is generated from the recorded

position of the tip which resembles the topography of the surface. In addition to that,

specific features induced by the variation of surface electron states density are also

visible in the resulting image.

STM has enabled the exploration of surface properties and processes at the nanometer

scale. The use of STM has extended from merely surface imaging to other STM-related

§This mode of imaging is called the constant-current mode.
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Figure 1.5: An artificial circular quantum corral built from 48 Fe atoms on the Cu(111)
surface. The diameter of the circular coral is 142.6 Å. This figure is taken from Ref. [83].

experiments. The imaging capability has been used to characterize surfaces and to

study processes that take place on or in the surface. Examples of processes that have

been investigated using STM include the epitaxial growth, diffusion of adatoms and

surface vacancies, and catalytic processes [68, 84–92]. The implementation of STM

tips from ferromagnetic and antiferromagnetic material enables the realization of spin-

polarized STM (SP-STM) experiments [93, 94]. SP-STM facilitates direct observation

of the structure of spin on surfaces [94], which enables studies on surface magnetism

at the atomic level. The interaction between the tip and the surface due to the very

small separation between them has also been utilized. The controllable manipulation

of single adatoms using STM tips to form artificial nanostructures on the surface is

an example of the utilization of the tip-surface interaction [83, 95–106]. One famous

result from controllable manipulation of single atoms is the artificial quantum corrals

built on the surface of Cu shown in Fig. 1.5. All of these illustrate how powerful STM

is as a technique to study surfaces.

1.4.2 STM for subsurface studies

Although STM has mainly been used to study surfaces, this technique can access the

subsurface as well. Subsurface objects such as single or clusters of impurity atoms can

induce features at the surface such as a local modification of surface morphology or

a local variation of surface electrons density of states. Those features can be probed

by an STM tip and visible in STM images [107–112]. Considering the capability of

STM to image the surface with a very high resolution, those surface features can be

revealed in a great detail. Information about the buried objects can be extracted from
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Figure 1.6: The subsurface Cu islands in Pb(111). (a) An atomically resolved STM image,
20×20 nm2 of a Pb-capped Cu island on the Pb(111) surface, obtained after a Cu deposition.
The capping layer is a single Pb layer. (b) The surface profile along the white line shown in
(a). (c) The model of the Pb-capped Cu island shown in (a). The model is built based on
the surface profile shown (b) and the atomic sizes of Pb and Cu. Each rectangle represents
a single atomic layer of Pb substrate, Cu island, and Pb overlayer. The pictures are taken
from Ref. [113]

a careful analysis on the revealed surface features.

The approach mentioned above is applicable in this presented work to characterize

individual subsurface Co atoms and nanoclusters in the Cu matrix. The applicability

of STM to detect and characterize subsurface objects embedded in a metalic host has

been experimentally confirmed. STM was used in studies on the growth of subsurface

islands [113, 114], subsurface clusters of noble gas atoms [110, 115–119], as well as

buried single impurity atoms [120–122]. Those studies are briefly inspected in the

following paragraphs.

An STM investigation by Nagl et al. on the epitaxial system Cu/Pb(111) revealed a

new growth mode [113, 114]. The mode results in the formation of several monolayers

thick subsurface Cu islands covered by a single atomic layer of Pb upon a Cu deposition

[Fig. 1.6(a)]. The formation of subsurface structures was concluded from the analysis

on the atomically resolved topographic map of the surface of the Pb substrate after Cu

deposition. The variation of the height of islands on the surface was analyzed further

by considering the difference in atomic sizes between Pb and Cu. As the quantitative

result is the deduced thicknesses of the buried islands [Fig. 1.6(b) and (c)].
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Figure 1.7: The STM study on subsurface noble gas-filled bubbles buried in metals. (a) The
schematic picture of the electrons interference due to a back scattering by a buried bubble.
The interferences at the surface can be detected by the STM tip. The small green-filled circles
represent the noble gas atoms. (b) An STM image of an atomically flat terrace of Al(111),
18 × 17 nm2, with Ar bubbles embedded below the surface. The white arrows show two
different hexagonal-shaped features with fringes at the outer edges. These features are due to
the interferences between the back-scattered subsurface electrons and the surface electrons.
Different contrasts in the inner part of the features indicate different depth of location of the
bubbles. The STM image is taken from Ref. [115].

Several-nanometer sized bubbles of noble gases buried below the surfaces of Al and Cu

were detected using STM [110, 115–119]. The detection is facilitated by the interfer-

ence between surface electrons and the subsurface electrons that are back-scattered by

the buried bubbles [see the illustration in Fig. 1.7(a)]. The interference was observed

as a variation of contrasts in the topographic and the dIt/dV maps of atomically flat

terraces at the surface, spotting the hidden nano-bubbles [Fig. 1.7(b)]. From the

analysis of the topographic maps and the spectroscopic data [the dIt/dV maps as well

as It(V )−, dIt/dV (V )−, and zt(V )− spectra], the depth and the details of the shape

of the nanobubbles were deduced [110, 115, 116, 118].

Single Co and Fe atoms buried below Cu surfaces were also detected using STM [120–

122]. Those impurity atoms scatter subsurface electrons, inducing electrons interfer-

ence at the surface. The interference is observed as apparent ringlike structures in the

STM images of atomically flat terraces of Cu surfaces (Fig. 1.8). A careful analysis

on the STM data reveals the correlation between the electronic band structure of the

Cu substrate and the exact shape of the apparent structures. The analysis also shows

the relation between the size of the apparent structures and the subsurface depth of

the buried impurity atoms [120].
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Figure 1.8: An STM image of an atomically flat terrace of Cu(111), 9× 9 nm2, with single
Co impurities embedded below the surface. The black arrows indicate apparent ringlike
structures with different diameters. Each ring is induced by a single Co atom which is
located below the location of the ring. Different diameters correspond to different depths of
the location of the Co atoms. The apparent long-wavelength standing-wave pattern is due
to the scattered surface electrons at a step-edge nearby. The STM image is taken from Ref.
[120]

1.4.3 An alternative type of STM probes

Being the element that directly probes the surface, the probe tip itself is the key in STM

imaging. The properties of the tip play a significant role in STM-related experiments.

The sharpness and the cleanliness of the tip are the properties that determine the

resolution and the reliability of the resulting data. Other properties, including those of

the material of the tip, determine which properties of the sample can be probed as well

as what kind of experiments can be carried out. As an example, SP-STM requires the

implementation of tip materials that are sensitive to electron tunneling from different

spin channels. This requirement is met by ferromagnetic or antiferromagnetic tips

as mentioned in Subsection 1.4.1 [93, 94]. The achievable variation of tip properties

determines the scope of the implementation of STM in various studies. The ability to

engineer the properties of STM probes is thus desirable.

The most commonly used STM tips are atomically sharp needles made from elec-

trochemically etched W- or mechanically cut PtIr- wires [123]. The variation of the

properties of the tips is achieved by implementing different materials having the de-

sired properties. This is done either by etching/cutting wires from different materials

or by depositing the desired material on an existing W needle-tip. Although needle-

shaped probes have given many satisfactory results, the use of them still often suffers

from some problems. The materials that can be implemented as probe materials are

still limited. Not all materials supposed to be useful as probe materials can be formed

into a needle shape. The deposition of a material on an existing needle-shaped tip

often results in uncertain properties of the deposited layer at the very end of the tip.
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Figure 1.9: An example of non-needle-shaped STM probe: the cleaved semiconductor probe.
The images describe the probe made from an InAs slab. (a) The surface and cleaving planes
(the {110} planes) that define the probe tip. (b) The Transmission Electron Microscopy
(TEM) cross-section of the sharp edge formed due to the cleaving. (c) The high-resolution
TEM cross-section of the tip apex shown in (b). The black arrow points at a small protruding
feature with a radius ∼ 1 nm. The pictures are taken from Ref. [125].

In the specific case of SP-STM, sharp needle-shaped ferromagnetic probes can lead to

a strong dipole-dipole interaction between the tip and the surface [124]. That inter-

action would make it difficult to obtain a valid interpretation on the SP-STM data.

These issues illustrate that needle-shaped probes are not always optimal for varying

the probe materials and the properties of the probes.

The use of non-needle-shaped probe tips in order to obtain specific probe properties

has been reported. A design of SP-STM proposed by Johnson and Clarke uses a

toroidal ferromagnetic tip instead of a needle-shaped one [124]. Magnetic tips with

that geometry were claimed to reduce the stray field, thus weakening dipole-dipole

interaction with a ferromagnetic sample. STM probes from bulk semiconductor slabs

were fabricated and used in experiments [125–128]. The sharp tip was achieved by

cleaving the slab, resulting in an atomically sharp edge that served as the probe tip

[see Fig. 1.9(a)-(c)]. Probes from semiconductors can be useful, for example, in SP-

STM [126, 127, 129]. The implementation of GaAs as the probe material can lead to a

negligible dipole-dipole interaction between the tip and the sample. The observation

of tunneling from different spin channels can be achieved by illuminating the tip with

circularly-polarized light which induces spin-polarized electron tunneling [126, 127].

As part of this research, a new kind of probe tips was introduced. Instead of using

bulk materials as in the cases discussed in the previous paragraphs, this alternative

kind of probes uses a thin (semi) conductive film which covers a cleavable slab as the

probe. The probe tips were fabricated by cleaving the slab, adapting the method to

fabricate STM tips from semiconductor materials mentioned previously. Figure 1.10

shows an illustration of the cleaved thin-film probe mounted on a tip holder. The thin

film that covers the cleavable slab can be prepared using various existing deposition

techniques. Nanostructuring methods such as lithography techniques can be used to
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Figure 1.10: Illustration of a cleaved thin-film STM probe that is mounted on a holder.
The holder is described by the dark-gray colored object. The probe is described by the blue
slab covered by the yellow layer. The yellow-colored part indicates the (semi) conductive thin
film while the blue-colored part shows the insulating slab. The circle indicates the tip that
forms at the intersection of the two cleaved-sides.

create nano- or micro- structures embedded in the film. The properties of the tip

can thus be engineered not only by applying a vast variety of materials but also by

equipping the probe tip with artificial nano-/micro- structures.

1.5 This dissertation

1.5.1 Outline

The presentation of this research is organized as follows. After this introductory chap-

ter, the experimental techniques that were used in this work are introduced in Chapter

2. Following that, the study on the subsurface growth of magnetic nanoclusters and

the work on the new kind of STM probes are presented.

Chapter 3 and 4 present the study on the subsurface growth of Co nanoclusters in

the Cu(001) substrate. Chapter 3, which is adapted from Ref. [130], discusses a

subsurface growth mode in the Co-Cu system which was discovered in this research.

This mode results in the formation of subsurface Co nanoclusters in Cu(001) upon an

epitaxial Co deposition. The characterization of the clusters is discussed where their

shape and depth of location are specifically addressed. The growth kinetics is also

discussed where a model that describes the growth is presented. Chapter 4 is adapted

from Ref. [131]. It discusses the diffusion of Co atoms in the first few atomic layers

of Cu(001) where the phenomenon of self-embedding of single Co atoms in the near-

surface layers is specifically investigated. The distribution of the depth of location of

the buried Co atoms is analyzed in detail including a model that addresses the diffusion
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of single Co atoms in Cu. As mentioned in Subsection 1.3.2 the study on the subsurface

nanoclusters growth, presented in Chapter 3 and 4, addresses the region in which the

proximity to the surface affects the processes leading to the clusters formation. The

Co-Cu(001) system was chosen to be the studied system because this system has been

studied well. The bulk properties of the Co-Cu system are well known and can be

referred to literature. The behavior of Co atoms on Cu(001) has been widely studied

regarding the growth of epitaxial Co thin films on Cu(001). Previous studies related

to the near-surface properties of the Co-Cu(001) system have also been reported as

discussed in Subsection 1.3.2. The a-priori knowledge on the chosen studied system

is useful in the analysis of the experimental results as well as in determining the

experimental parameters.

The work on the realization of STM tips from thin films is discussed in Chapter 5.

This chapter is adapted from Ref. [132]. The focus of the work is to give the proof

of working principle of such kind of probe tips. STM tips from thin films of several

(semi) conductive materials were prepared. As discussed before, the advantage of

using STM probes from cleaved thin films is the possibility of implementing a vast

variety of materials as well as embedding artificial nano-structures in the probe. To

emphasize this advantage, among the prepared probes are STM tips from a transparent

conductive oxide and from metalic multilayer films. In this chapter, the preparation

and the proof of working principle of STM probes from cleaved thin films are presented.

In Chapter 6, the conclusions that are deduced from this research are presented. The

outlook for future research is also discussed in this final chapter.

1.5.2 The nature of this research

This presented research is mainly experimental with some modeling was performed to

obtain a good understanding on the experimental results. Part of the modeling requires

rigorous theoretical analysis and calculations to determine the parameters related to

Co diffusion in Cu(001). This was done in a collaboration with M. V. Lomonosov

Moscow State University, represented by S. V. Kolesnikov, A. M. Saletsky, and A.

L. Klavsyuk. Specifically, the theoretical calculations on the activation energy of Co

diffusion in Cu(001) as well as the concentration of (mono) vacancies were performed

by the collaborators.

As mentioned earlier, this research was triggered by the possible application of sub-

surface magnetic nanoclusters embedded in solids for data storage. It should be noted

that the application aspects of the nanoclusters are beyond the scope of this research.
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Experimental techniques

This chapter presents the experimental techniques that were used in this research.

Scanning tunneling microscopy/spectroscopy (STM/STS) was used as the main tool

for sample characterization. The sensitivity of STM/STS to topographic and electronic

features at the surface was benefited to investigate subsurface and surface objects. The

studied samples needed to be well defined and free from unknown impurities in the top-

most few nanometers. Sample preparation and characterization using STM/STS were

thus performed in situ under ultra high vacuum condition. The working principle of

STM/STS and the techniques of sample preparation are presented in this chapter. The

ultrahigh vacuum system used in this research is briefly introduced. Other techniques

were also implemented in this work. They are magneto-optic Kerr effect magnetom-

etry, sputter deposition, and scanning electron microscopy. The working principle of

these techniques are also briefly presented.

2.1 Scanning Tunneling Microscopy/Spectroscopy

Scanning tunneling microscopy (STM) and one of its extensions, scanning tunneling

spectroscopy (STS), are powerful techniques to image surfaces and to scrutinize their

electronic properties. Underlying STM/STS is a quantum mechanical phenomenon,

called tunneling, where electrons from the surface tunnel to the STM tip, and the

other way around, through a surface-tip separation. The electron tunneling results in

a current which is called the tunneling current when a bias voltage is applied between

the surface and the tip. This current is very sensitive to variations in topographical

height and in density of electronic states at the surface, providing STM the capability

of probing even sub-nanometer sized features at the surface. That sensitivity was

19



20 Chapter 2. Experimental techniques

Figure 2.1: (a) Illustration of a simple one-dimensional tunneling through a rectangular po-
tential barrier. The wave pattern illustrates the wavefunction of the electron. (b) Illustration
of the electron tunneling in STM, where electrons from the tip tunnel through the vacuum
gap into the sample.

utilized in this work, especially to scrutinize surface features induced by subsurface

atoms and nanoclusters.

In this section, the working principle of STM/STS is given. Firstly, the phenomenon of

quantum tunneling is introduced where the simplest case of one-dimensional tunneling

is inspected. The one-dimensional tunneling is used to model the tunneling current.

After that, STS is briefly introduced followed by the description of the operational

principle of STM/STS. The resolution of STM/STS is discussed in the end of this

section.

2.1.1 One-dimensional tunneling

A simple one-dimensional system in which an electron resides is illustrated by Fig.

2.1(a). The system is divided into three regions A (z ≤ s/2), B (−s/2 < z < s/2),

and C (z ≥ s/2), where s is the width of the potential barrier in Region B and z is the

parameter for position. In Region A and C the electron acts as a free electron. The

potential barrier in Region B has a constant height U0. The energy of the electron

E is lower than U0. Therefore, classical mechanics description forbids the electron to

be in Region B. Consequently, any transmission from Region A to C and vice versa
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is also forbidden. Such classical restrictions are not valid when the length scale of

the system is very small, where the motion of the electron must be described using

quantum mechanics.

The quantum mechanical description of the state of the electron is given by a wave-

function Ψ, which is the solution of the Schrödinger equation for the system being

considered. The quantity |Ψ(z, t)|2 gives the probability density to find the electron

at the position z at a time t. For the particular system illustrated by Fig. 2.1(a), the

solution of the Schrödinger equation can be found in standard textbooks in quantum

mechanics or quantum physics. It can be expressed as [133]

Ψ(z, t) = exp

(
−i
Et

~

)
×


exp (ikz) +R exp (−ikz) , z ≤ −s/2,

C1 exp (−κz) + C2 exp (κz) , –s/2 ≤ z ≤ s/2,

T exp (ikz) , z ≥ s/2,

(2.1)

where k = ~−1
√

2meE, κ = ~−1
√

2me(U0 − E), ~ = h/2π with h is the Planck’s

constant, me is the mass of the electron, while R, C1, C2, T are integration constants

that are determined by the boundary conditions.

The solution for Region A consists of two terms. The term with the factor exp(ikz)

describes a wave that propagates in the +z direction with a momentum +~k. The

term that has the factor R exp(−ikz) describes a wave that propagates with a mo-

mentum −~k due to a partial reflection by the barrier. In Region B, the solution of

the Schrödinger equation is not zero. This implies the possibility for the electron to

penetrate into that region despite having an energy lower than the potential energy.

The solution for Region C describes a wave propagating with a momentum +~k as de-

scribed by the factor T exp(ikz). This wave originates from the wave that penetrates

into Region B and escapes into Region C, in other words, tunnels through the barrier.

Two important quantities in Eq. (2.1) are R and T . The quantity R describes the

part of the incoming wave that is reflected by the barrier. The square of its modulus

gives the probability for the reflection to occur. The second one is T , which describes

the part of the incoming wave that tunnels through the barrier. The quantity |T |2,

which is called the tunneling coefficient, gives the probability for the tunneling to

occur. Tunneling coefficient is a very important quantity when a quantum tunneling

is being considered. For the case being considered here, the expression for |T |2 is [133]

|T |2 =
(2kκ)2

(k2 + κ2)2 sinh2 κs+ (2kκ)2
. (2.2)



22 Chapter 2. Experimental techniques

The tunneling current It generated by electron tunneling in STM can be estimated

based on the one-dimensional tunneling described above. The system corresponding

to the sample and the STM tip separated by a distance zt is illustrated by Fig. 2.1(b).

Both the sample and the tip are assumed to be metallic. Since STM measurements

in this research were performed in vacuum, the separating gap is assumed to be a

vacuum gap. The gap provides the potential barrier in the system. The electrons in

the tip and sample that will undergo the tunneling are approximated by free electrons.

Since those electrons are mainly those occupying states around the Fermi level, the

energy of the electrons is approximated by the Fermi energy EF. The height of the

barrier is given by the work functions of the tip and the sample, i.e. φ above EF. The

approximation of the same work function for both the surface and the tip is based

on the properties of the materials that are implemented in the actual experiments

[134]. A bias voltage V that is applied between the sample and the tip shifts their

energy levels by |eV |, with −e is the charge of an electron, and changes the shape of

the barrier into a trapezoidal one. However, for this estimation, V is assumed to be

much smaller than e−1φ. Thus, the change of the barrier’s shape can be neglected.

These approximations validate the use of the tunneling coefficient given in Eq. (2.2)

with substitutions E = EF and U0 − E = φ. The value of φ can be determined by

considering the actually used probe material, i.e. W, giving κ = 11.2 nm−1. The

actual value of zt is in the order of 1 nm. Implementing these values into Eq. (2.2),

the tunneling coefficient can be approximated by

|T |2 ≈
(

4kκ

k2 + κ2

)2

exp (−2κzt) . (2.3)

The current It is given by the number of electrons that tunnel per unit time, meaning

It ∝ |T |2. With all the assumptions above, the current It can be estimated to have

an analytical expression of

It ∼ I0 exp

(
−2

√
2meφ

~
zt

)
. (2.4)

The prefactor I0 is dependent on the bias voltage V . Equation (2.4) implies a strong

dependency of It on zt. Using the aforementioned κ = 11.2 nm−1, a change in zt as

small as ∼ 1 Å can lead to a ∼ 1000% change of It. This shows that the sensitivity

of It to tiny changes in topographic height originates from the nature of the electron

tunneling.
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Figure 2.2: Illustration of the tunnel junction involving a metallic STM probe tip and
a metallic sample separated by a vacuum. The green arrow illustrates the tunneling of
electrons of the tip with energies in between E and E+dE to the empty states at the surface
corresponding to energies in between E + eV and E + eV + dE and the tunneling of surface
electrons with energies in between E + eV and E + eV + dE to the empty states at the tip
with energies in between E and E + dE. The blue area illustrates the states corresponding
to the aforementioned energy.

2.1.2 Tunneling current

The simplified model of It presented in the previous subsection explains only the

sensitivity of STM to topographic features. STM is actually also sensitive to the

electronic features at the surface. To describe this, the simplified model discussed

previously is extended.

The tunneling junction formed by a metallic surface and a metallic tip separated by a

vacuum gap is illustrated in Fig. 2.2. The size of the gap is zt. The work functions of

the surface and the tip are approximated to be φ above the Fermi energy EF, as in the

discussion in the previous subsection. The change in the shape of the potential barrier

due to the applied bias voltage V is not neglected anymore. The tunneling of electrons

occurs in both directions: from the tip to the surface and the other way around. Tip

electrons with an energy E tunnel through the vacuum barrier to finally occupy empty

states of the surface that corresponds to the energy E + eV . Analogously, surface

electrons with an energy E+eV tunnel through the gap to the empty states of the tip

with the energy E. The number of possibly occurring tunneling events is determined

by the number of electrons that can tunnel and the number of the available empty

states to be occupied by the electrons after the tunneling. The net amount of electrons

with energies in an infinitesimal interval between E and E + dE that tunnel from the
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tip to the surface is thus ρt(E)ρs(E + eV )[fF-D(E)− fF-D(E + eV )]P(E)dE. Here, ρt

and ρs are the density of electronic states at the tip and at the surface, respectively,

fF-D is the Fermi-Dirac distribution function, and P is the probability for a tunneling

event to occur. When the energy resolution required in the measurement is larger

than the thermal energy kBT , fF-D can be approximated by a step function. The

probability P can be determined using the transmission coefficient given in Eq. (2.3)

with the WKB approximation being applied. This gives P = |T |2 ≈ exp(−2κzt) with

κ = ~−1
√

2me(φ− 1
2eV − E + EF) [133, 135]. The tunneling current It is obtained

by summing the net number of electrons that tunnel from the tip to the surface over

the whole energy range, giving

It(zt, V ) ≈ K
∫ EF+

eV
2

EF− eV
2

ρt

(
ε− eV

2

)
ρs

(
ε+

eV

2

)
e−2~

−1zt
√

2me(φ−ε+EF)dε, (2.5)

where K is a proportional constant and the substitution E = ε− 1
2eV has been applied.

Equation (2.5) explains some properties of the tunneling current. First, the current is

mainly due to the tunneling of electrons with energies in between EF − eV and EF.

Second, It is very sensitive to any changes of zt due to the exponential factor in the

integrand. Third, the tunneling current contains the contribution from the electronic

structure of the surface via the surface electronic density of states ρs in the integrand.

The last two properties give STM the sensitivity to both topographic and electronic

features at the surface.

In a specific case of very small bias voltage, the tunneling current can be approximated

by

It(zt, V ) ≈ Kρs(EF)ρt(EF)eV exp

(
−2

√
2meφ

~
zt

)
, (2.6)

which has the same form as in Eq. (2.4). Equation (2.6) shows that at a small bias

voltage, STM is sensitive to the surface density of electronic states at the Fermi energy.

2.1.3 Scanning Tunneling Spectroscopy

Scanning tunneling spectroscopy (STS) is an extension of STM which addresses the

density of electronic states at the surface ρs. Information about ρs can in principle be

extracted from STM images acquired at different bias voltages. In this way, energy-

dependent local variations of ρs would be observed as bias voltage-dependent features

in STM images [136]. A more convenient way to address ρs is to use the spectroscopic

mode, i.e. STS. This can be done by analyzing the curves of It as a function of V that

are measured at specific points at the surface [136, 137]. The curves, also known as



2.1. Scanning Tunneling Microscopy/Spectroscopy 25

the It(V ) spectra, contain information about ρs due to the correlation between It and

ρs as shown in Eq. (2.5). However, extracting information about ρs solely from It(V )

spectra is often difficult since ρs contributes to It via a complicated integral. When

working in STS mode, it is common to consider other kinds of data besides the It(V )

spectra [137].

Other types of data commonly used in STS are those derived from dIt/dV , sometimes

called the surface differential conductance (SDC). The expression for SDC based on

the model presented in the previous section can be obtained by taking the derivative

of It in Eq. (2.5) with respect to V , giving

dIt
dV

(zt, V ) ≈K′
ρs(EF + eV )ρt(EF) exp

−2

√
2me(φ− 1

2eV )

~
zt


+ρt(EF − eV )ρs(EF) exp

−2

√
2me(φ+ 1

2eV )

~
zt

+ J

 ,

(2.7)

where K′ is a constant and J is the background term

J =
2

e

∫ EF+
eV
2

EF− eV
2

∂

∂V

{
ρt

(
ε− eV

2

)
ρs

(
ε+

eV

2

)
exp

[
−2

√
2me(φ− ε)

~
zt

]}
dε.

Apart from the constant factors, the first two terms in Eq. (2.7) contain the products

of ρs and ρt with each being evaluated at specific energies determined by EF and

V . The first term provides the information about the electronic states of the surface

tip due to the factor ρs(EF + eV ). The second term gives the information about the

electronic states at the probe tip as it has the factor ρt(EF − eV ). These two terms

make the features due to the electronic states of the surface and the tip more noticeable

in the dIt/dV data rather than It.

In the actual measurement, it is necessary to distinguish the contribution of ρs to a

dIt/dV signal from the contribution of ρt. The use of a tip with a well-defined ρt

is always desirable in any STM/STS measurements. Unfortunately, ρt can hardly be

controlled experimentally. The method to distinguish the contribution of ρs and ρt in

an SDC signal is described in the next subsection. A standard of a ”good” (metallic)

tip is usually given by a featureless dIt/dV (V ) spectrum measured on a clean metallic

surface such as Cu(001) [138]. An example of such spectrum is presented in the next

chapter (Section 3.3).

Data from STS acquired in this research are the SDC maps as well as the spectra of
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It(V ) and dIt/dV (V ). The It(V ) spectra were mainly used to obtain another kind of

spectra, i.e. [(dIt/dV )/(It/V )](V ). Such spectra suppress the influence from different

tip-surface distance due to different states at the very end the tip [136, 139–141].

Therefore, the [(dIt/dV )/(It/V )](V ) spectra from different samples can be compared.

2.1.4 Operational of STM/STS

STM images were acquired using the so called constant-current imaging. The working

principle of constant-current imaging is already given in Subsection 1.4.1. The STM tip

moves in the lateral directions (x, y) with the help of piezo-actuators. The tunneling

current It is kept constant by adjusting the vertical position ` of the tip using the

actuators and a feedback loop. The data of the vertical position of the tip as a

function of its lateral position, `(x, y), are recorded and used to generate STM images.

Based on the model given by Eq. (2.5), the resulting STM image shows the contour

lines of the contribution of ρs exp(−2κzt) to the integral since ρt and V are constant

during a scan. Features that are revealed by the resulting images can be due to

the topography of the surface or the variation of ρs. Features with sizes of several

nanometers or more can usually be safely interpreted as topographic features [142].

A careful analysis is needed on those with sizes of a few nanometer, especially when

revealed on the atomically flat terraces. At that scale, local variation of surface electron

density can prominently appear in STM images. In this research, careful comparisons

with STM images of well-defined systems as well as calculations based on the model

given in this section were used to distinguish topographic features from the electronic

ones.

For STS measurements, the dIt/dV data were obtained using a lock-in technique. A

small AC-signal is superimposed on the bias voltage. The modulated signal induces a

tunneling current that oscillates with the same frequency as the AC signal. A lock-in

amplifier is used to extract the in-phase component of the tunneling current at the

modulation frequency. The output signal of the lock-in amplifier is proportional to

dIt/dV .

As mentioned earlier, in this research STS provided SDC maps as well as the It(V )

and dIt/dV (V ) spectra. The SDC maps were acquired simultaneously with the STM

imaging, therefore at a fixed values of V and It. Since each mapping was done with an

unchanging tip, implying a fixed ρt, the contrasts in the maps acquired from atomically

flat terraces are attributed to the local variation of ρs at the energy EF + eV [see Eq.

(2.7)].
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Figure 2.3: Schematic of a tunneling geometry where the finite radius of curvature R of the
probe tip is taken into account. The center of curvature of the tip is at r0 and the distance
of the very end of the tip to the surface is zt. The quantity ∆x is the lateral distance from
the center of curvature to another point on the tip. The picture is taken from Ref. [143].

The measurements of It(V ) and dIt/dV (V ) spectra were always done simultaneously.

The tip is fixed at an (x, y) position on the surface, its vertical position is held un-

changing, and the feedback loop is open. The bias voltage is swept in the range under

consideration while the It data and the lock-in output are recorded. As suggested

by Eqs. (2.5) and (2.7), the It(V ) and dIt/dV (V ) spectra contain the contribution

from the electronic density of states of both the surface and the tip. To distinguish

their contributions, the spectra measured on points that have surface features due to

subsurface objects were compared to the spectra measured on a clean surface using

exactly the same tip.

2.1.5 Resolution

STM/STS reveals local variation of the topography and the density of electronic states

at the surface only with a finite resolution. The finite sharpness of the probe tip,

represented by the tip’s radius of curvature, limits the spatial resolution. The non-

zero measurement temperature and the lock-in technique used in the STS mode limit

the energy resolution [144].

A simple estimation about the spatial resolution can be made using the one-dimensional

model presented earlier. The tunnel junction involving an STM tip and a sample as

pictured in Fig. 2.3 is considered. The tip and the sample are assumed to be metallic

and the surface of the sample is assumed to be nearly-flat. At a point on the tip with a

lateral distance ∆x from the tip’s center of curvature r0, the height of the correspond-

ing point is zt +∆x2/(2R) where the tip is approximated to be parabolic with a radius

of curvature R. Implementing this into Eq. (2.5) introduces the lateral distribution of
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Figure 2.4: (a) The calculated profiles of Pw where P = exp(−2κzt), κ =

~−1
√

2me(φ− 1
2
eV − E + EF), and w = fF-D(E) − fF-D(E + eV ). The red curve repre-

sents the profile for the temperature of 77 K while the black one represents the profile for
0 K. (b) The calculated profile of dw/dV for a temperature of 77 K. Implemented in the
calculations are φ = 4.8 eV, zt = 1 nm, and V = 0.2 V.

the tunneling current via the additional factor exp[−∆x2R−1~−1
√

2me(φ− ε+ EF)]

in the integrand. At the small bias-voltage limit, It(∆x) ∝ exp(−∆x2R−1~−1
√

2meφ).

In that case, the lateral distribution of the tunneling current thus has a Gaussian pro-

file. The resolution can be estimated as two times the root-mean-square width of the

profile. For a tip from W with R ∼ 1 nm, this gives a resolution of ∼ 0.5 nm.

The actual lateral resolution of STM exceeds the estimated value above. Details of

surface structures have been routinely observed experimentally even with an atomic

resolution [134, 145]. It is believed that such a very high resolution can be achieved

because the contribution to the STM images mainly comes from the electron tunneling

from (to) one or a few last atoms on the tip to (from) the surface. A detailed discussion

on such atomic resolution would require the consideration of the electronic states of

the very and of the tip as well as the local variation of density of electronic states

of the surface besides the shape of the probe tip [143, 146–148]. Such a discussion is

beyond the scope of this dissertation but can be found in literature on STM/STS such

as Refs. [134, 142, 143, 145–147, 149, 150].

The measurement temperature reduces the energy resolution due to the fact that

the tunneling at a non-zero temperature involves electrons from a broad range of

energy instead of only from the energy range in between EF − eV and EF. Following

the discussion in Subsection 2.1.2, the contribution from the thermal effects on the

reduction of the resolution can be estimated by considering the product Pw, where

w = fF-D(E)−fF-D(E+eV ). This product gives the probability to obtain a net tunnel
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current that involves the tunneling of tip electrons having an energy E and surface

electrons with an energy E + eV . Figure 2.4(a) shows the calculated profile of Pw for

two cases. The first case, represented by the red curve, shows the profile for the liquid

N2 temperature, i.e the actual temperature around which STM/STS measurements in

this research were performed as described later in Subsection 2.3. The second case,

represented by the black curve, assumes the temperature to be 0 K. In the calculation,

the work function of the tip and the surface are assumed to be the same with the

work function of W (φ = 4.8 eV) being implemented [134], the bias voltage is set to

be 0.2 V, and the tip-surface distance is assumed to be 1 nm. The profiles of Pw
show that a non-zero temperature leads to the broadening of the energy range that

gives a non-negligible probability to achieve the net tunnel current by ∼ 35 meV both

above EF and below EF−eV . This numerically illustrates the reduction to the energy

resolution in the tunnel current induced by the measurement temperature.

The variation of ρs (and ρt) with respect to energy is mainly revealed by the SDC

data as suggested by Eq. (2.7) and the following discussion in Subsection 2.1.3. The

expression in Eq. (2.7) results from the approximation of the Fermi-Dirac distribution

function as a step function, i.e. the temperature is 0 K. It leads to dw/dV to be

the sum of two delta functions with peaks at E = EF (i.e. ε = EF + eV/2) and

E = EF − eV (i.e. ε = EF − eV/2). For a non-zero temperature the profile of dw/dV

deviates from two delta functions to be two finite peaks with finite widths. This is

illustrated by Fig. 2.4(b) which shows the calculated profile of dw/dV at the liquid N2

temperature with V = 0.2 V being assumed. The width of the peaks represents the

width of the range of electron energy that actually contributes to the first two terms

of SDC in Eq. (2.7). As the features in the SDC data is attributed mainly to the

variation of ρs (and ρt) due to those terms, the reduction of the energy resolution on

the revealed variation of ρs and ρt can be approximated by the width of those peaks.

For the case simulated in the calculation, this gives a value of ∼ 25 meV where the

full width at half maximum is considered.

The lock-in technique reduces the energy resolution due to the AC signal that is

superimposed on the bias voltage when the technique is used. Given the amplitude

of the AC signal is Vm, the energy resolution decreases by ∼ 2eVm. Implementing the

actual experimental parameter (see Section 3.2), the lock-in technique contributes in

limiting the energy resolution of the SDC data by ∼ 50 meV.
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Figure 2.5: Illustration of the substrate cleaning procedure. (a) The topmost region of the
substrate is sputtered using high energy Ar+ ions. (b) The substrate is annealed to recover the
surface from damages due to the ion bombardment. (c) The substrate is bombarded with high
energy Ar+ ions again. (d) A substrate that is free from unknown impurities in the topmost
region, obtained after several cycles of sputtering and annealing. The yellow-filled circles
represents the atoms of the substrates while the dark-blue ones the represent the impurity
atoms. The gray circles represent Ar ions. The gray arrows indicate the bombardment of the
surface with high energy Ar+ ions. The red arrows indicate the sequential of the treatments.

2.2 Substrates preparation and material deposition

The use of STM/STS as the characterization technique requires the implementation

of samples with a well-defined and contamination-free surface. Regarding the study

on subsurface objects in this research, the samples also should be free from unknown

impurities in the topmost subsurface region. Therefore, sample preparations, treat-

ments, and STM characterizations were carried out in situ under an ultrahigh vacuum

(UHV) condition without breaking the vacuum. The UHV setup used in this research

is introduced in the next section. In this section, the techniques that were used to

prepare the substrates and to deposit materials are presented.

2.2.1 Substrate cleaning

The samples that meet the aforementioned requirements need to be fabricated using

substrates that have an atomically flat surface and free from contamination in the top-

most few up to tens of nanometers. Two types of substrate were used in this research:

single crystals Cu(001) and Cu(111). To prepare them for sample fabrication or STM

characterization, the substrates were cleaned in vacuum with cycles of sputtering and

annealing.
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Figure 2.6: Left: An STM topographic map, 100×100 nm2 of the Cu(001) surface after sev-
eral cycles of the sputtering-annealing. Different colors indicate different topographic heights.
Shown in the image are several adjacent atomically flat terraces with the height difference
between two adjacent terraces being around 180 pm. This height difference corresponds to
the interlayer distance in Cu(001). Right: The surface cross section along the line in the
STM image.

The impurities that reside in the outermost part of a substrate were removed by

simply removing that outermost part. Those impurities are present due to the long

exposure to non-vacuum environment as well as the residue from previous depositions.

The removing of the topmost layers of the substrate was done by bombarding the

surface with highly energetic Ar+ beam (2 keV) [Fig. 2.5(a)]. The ions collide with

the topmost atoms, which leads to a transfer of kinetic energy and results in the

releasing of those atoms from the substrate. The ion bombardment was done in an Ar

atmosphere (10−5 mbar) with a ∼ 30 µA ion-current bombarding the surface for 20

to 30 minutes. Considering the sputtering yield of Cu surfaces using Ar+ [151], each

bombardment sputtered the topmost ∼ 100 to ∼ 200 nm of Cu(001) and the topmost

∼ 300 to ∼ 450 nm of Cu(111).

The bombardment using high energy ions creates damages on the surface [Fig. 2.5(b)].

The annealing following the sputtering recovers the surface from the damages as well

as induces the segregation of subsurface defects and the remaining impurities towards

the surface. The segregated defects and impurities were removed by the subsequent

sputter-anneal cycle [Fig. 2.5(c)]. In the actual substrate preparation, the annealing

was done for 5 minutes at ∼ 1000 K with a DC heating.

Several cycles of sputtering and subsequent annealing results in a substrate having

a clean surface with wide atomically flat terraces [Fig. 2.5(d)]. Figure 2.6 shows an

STM topographic map of Cu(001) after the aforementioned cleaning procedure.
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Figure 2.7: (a) Illustration of material evaporation using electron beam bombardment in
an evaporation cell. The red arrows illustrate the electron bombardment. The dashed black
arrow illustrates the propagation of the vapor-phase atoms resulted from the evaporation.
(b) Illustration of the deposition of the evaporated atoms onto a substrate. The dashed lines
indicate the boundary of the beam. In the pictures, black-filled circles represent the atoms
of the source material while small blue-filled circles represent electrons.

2.2.2 Material deposition: e-beam evaporation

Material depositions in sample fabrication were done using the e-beam evaporation.

This technique is among the physical vapor deposition (PVD) techniques where the

deposition is achieved via the formation of the vapor of the to-be-deposited material

using physical means [152]. The term “physical” usually refers to the production of

vapor via a heating although other approaches such as the bombardment of source

material with highly energetic particles is also covered by that term [152]. The e-

beam evaporation is commonly used to perform epitaxy and is known to enable a

fine control on the deposition dose [152–154]. The controllable dose was needed in this

research especially in the study on the kinetics of the growth of nanoclusters presented

in Chapter 3.

The source of the deposited material is placed in an evaporation cell. It is heated via

a bombardment with high energy electrons. The electrons are emitted by a filament

placed near the source material. They are accelerated towards the source material

by applying a high positive voltage on it [Fig. 2.7(a)]. The heating sublimes the

source, forming the vapor of the material to be deposited. The beam of the resulting

vapor-phase atoms passes through the aperture of the cell and propagates towards the
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Figure 2.8: The schematics of the UHV system used in this research.

substrate [Fig. 2.7(b)].

The control on the deposition dose is facilitated by a shutter. The flux of the beam is

monitored by detecting part of the vapor-phase atoms that are positively ionized due

to the electron bombardment. The detection is done using an electrode placed near

the exit of the cell [the “detecting electrode” in Fig. 2.7(a)]. The current generated

by those ions is proportional to the flux of the atom beam.

The materials that were deposited in this research are Co and Cu. Co was evaporated

from a Co-rod while Cu from a crucible. The evaporation was done using automated

e-beam evaporation cells (Omicron EFM-3). The deposition rate of Co was always in

the range of 0.19 to 0.23 monolayers per minute (ML min−1) relative to the Cu(001)

surface, while the deposition rate of Cu was ∼ 1 ML min−1.

2.3 The ultrahigh vacuum (UHV) system

A commercial multi-chamber UHV system by Omicron Nano Technology GmbH was

used in this research. The schematics of the system is given by Fig. 2.8. The system

has a load lock (labelled as 1) and three UHV chambers: the preparation chamber

(labeled as 2), the deposition chamber (labeled as 3), and the low-temperature STM

(LT-STM) chamber (labeled as 4). They are connected by tubes (labeled as 5) and

separated by gate valves (labeled as 6). Samples and tips are transferred via the tubes

using transfer rods (labeled as 7).

The UHV state was achieved after a baking-out procedure. The pressure in the UHV

chambers is in the order 10−9 mbar or lower. The pressure in the LT-STM chamber is

in the order of 10−11 mbar. The pressure in the deposition chamber is around 10−10

mbar. The pressure in the preparation chamber is around 10−9 mbar due to its routine
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use for cleaning the sample or the tip that is just introduced into the UHV system

from the atmospheric ambience.

The load lock is used to introduce a sample or a tip into, or to take it out from, the

UHV system. The load lock is pumped down using a turbo molecular pump to reach a

vacuum (≤ 10−5 mbar) before opening the gate valve for transferring the sample/tip.

The preparation chamber is designed for cleaning substrates and tips before being

transferred into the other chambers for measurements or further treatments. This

chamber is equipped with a sample stage and an ion-sputtering gun. The sample stage

can be used to heat the sample/tip mounted on it with a DC heating while monitoring

the temperature with a thermocouple. The ion gun is connected to a leak valve system

which is used to controllably introduce the gas for sputtering. The preparation of the

substrates described in Subsection 2.2.1 was done using this chamber and the facilities

in it.

The deposition chamber is designed mainly for material deposition while heat treat-

ments can also be performed there. This chamber is equipped with a sample stage

and automated evaporation cells (Omicron EFM-3). The sample stage can be used to

heat up the sample/tip with DC heating as well as to cool it down. The cooling down

is done using a flowing cold gas. The temperature is monitored using a thermocouple.

This chamber was used for material deposition at various substrate’s temperature as

well as for thermal treatments.

The LT-STM chamber is designed for STM measurements at various temperatures.

The main part of this chamber is the LT-STM head which is mounted in a cryostat.

In this research, the cryostat was filled with liquid N2 for STM/STS measurements

at the liquid nitrogen temperature. This chamber is also equipped with a facility to

store samples and tips in vacuum.

2.4 Other techniques

Besides the techniques presented in the previous sections, other techniques were also

employed in minor parts of the experiments in this research. Those techniques are the

magneto-optic Kerr effect (MOKE) magnetometry, sputter-deposition, and scanning

electron microscopy (SEM). They are briefly introduced in this section.
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Figure 2.9: Illustration of light reflection by a magnetized surface. The dark blue object
represents the sample. The black arrows describes the propagation direction of the incident
and the reflected light. The big green arrow illustrates the magnetization at the topmost
region of the sample. The red arrows describe the unit vectors nx,ny, and nz. The brown
arrows describe the s- and p- polarization components of the electric fields. The transparent-
yellow area indicates the incident plane.

2.4.1 Magneto-optic Kerr effect (MOKE) magnetometry

MOKE magnetometry is a technique to probe the magnetization at the topmost region

of a sample using the Kerr effect as suggested by the name. MOKE itself describes

the phenomenon where the polarization states of light change upon a reflection by a

magnetized surface. Detailed phenomenological as well as microscopic theories on this

phenomenon can be found in various reports [155–157]. The description given here is

simplified, highlighting concepts that are implemented in the experiments carried out

in this research.

Figure 2.9 illustrates the situation where light propagating in air or vacuum is re-

flected by a magnetized surface. The unit vectors nx,ny, and nz are described in

the illustration where nz is normal to the reflecting surface (the xy plane), nx is

tangential to both the plane of incidence (the xz plane) and the reflecting surface,

while ny = nz × nx. The magnetization of the material in the topmost region is

M = |M|(mxnx + myny + mznz), where mα = M · nα|M|−1, α = x, y, z. This

magnetization is coupled to the dielectric function tensor of the material, resulting in
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Figure 2.10: The schematics of the MOKE measurement in this research. The red arrows
represent the laser beam. The black arrow describes a magnetic field H.

M-dependent Fressnel coefficients rss, rsp, rps, rpp as [155, 156](
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Here, E
(i)
s , E

(i)
p , E

(r)
s E

(r)
p are the components of the electric field of the incidence and

reflected light E(i) and E(r), where the superscripts (i) and (r) indicate the incidence

and the reflected field. The subscripts s and p indicate the orthogonal s- and p-

polarization components of the fields. Note that the s-polarization component of the

fields is also their y component. The quantities rs, rp, ax, ay, az are complex numbers.

An important consequence given by Eq. (2.8) is that the reflection of a linearly-

polarized incident light by a magnetized surface generally results in a elliptically-

polarized light. Two important parameters are the angle θK between the polarization

direction of the incident light and the major axis of the ellipse, namely the Kerr

rotation, as well as the ellipticity εK, namely the Kerr ellipticity. Those parameters

are the measures of M.

The change of polarization from linear to elliptical upon the reflection is utilized in

MOKE magnetometry. Figure 2.10 illustrates the setup used in MOKE measurements
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Figure 2.11: The schematics of sputter-deposition. The purple colored ellipse represents
the Ar plasma created due to the high voltage. The black-filled circle represents an Ar+ ion
and the blue-filled one represents the atom ejected from the source.

in this research, corresponding to the situation wheremz = 0 (in-plane magnetization).

The sample is illuminated with a linearly polarized laser beam (He-Ne laser, wave-

length=632.8 nm). The linear polarization is achieved by passing the beam through a

polarizer. The magnetization of the sample is controlled using a field H produced by

an electromagnet. The reflected beam is linearly-polarized by a second polarizer (the

“analyzer” in Fig. 2.10) which is rotated with respect to the first polarizer. The in-

tensity of this linearly-polarized reflected beam is measured using a detector (a photo

diode). A lock-in technique was used to enable the measurement of θK and εK as well

as to improve the quality of the signal. The linearly polarized beam was modulated

using a photo elastic modulator (PEM) before reaching the surface of the sample. A

lock-in amplifier demodulates the signal detected by the detector as well as calculates

θK and εK. For the configuration illustrated by Fig. 2.10, the following relation holds

[155–157]

θK + εK ∝
rsp
rp
∝ mx, (2.9)

where the assumption mz = 0 is implemented. In this case, the calculated Kerr

rotation and ellipticity give a direct qualitative measure about the x component of M.

2.4.2 Sputter-deposition

Sputter-deposition, like the e-beam evaporation discussed in Subsection 2.2.2, is among

the PVD techniques [152]. This technique uses the sputtering process to produce the

vapor of the material to be deposited. Sputter-deposition is widely used to produce

thin films in research and industry due to the simplicity, the reasonably high growth

rate, and the possibility to control the thickness of the resulting film with even a

sub-nanometer precision.

The basic operational principle of sputter-deposition is illustrated by Fig. 2.11. The
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source of the material to be deposited and the substrate are firstly placed in an ul-

trahigh vacuum. The sputtering is usually done using Ar+ ions. Therefore, Ar gas is

introduced into the vacuum and a high voltage is applied between the source material

and an electrode near it. Argon plasma forms due to the high voltage and Ar+ ions

accelerate towards the source. The highly energetic ions collide with atoms at the

surface of the source material and eject them due to the transfer of kinetic energy.

Those ejected atoms go to the surface of the substrate and form a coating film.

2.4.3 Scanning electron microscopy

Scanning electron microscopy (SEM) is a technique that utilizes interactions between

highly energetic electrons and a sample to image and/or characterize the sample. In

SEM, a focused beam of highly energetic electrons is scanned over the surface of

the sample. The electrons that arrive at the surface, namely the primary electrons,

undergo various processes such as multiple elastic and inelastic scattering, diffusion,

and absorption. Those processes generate electrons that depart from the sample as

well as electromagnetic wave such as the X-rays and cathodoluminescent light. The

electrons that leave the surface can be categorized into two main types based on their

energy. The first category contains electrons with low energy (≤ 50 eV), that are

mainly the secondary electrons [158]. The second one contains electrons with energies

in between 50 eV and the energy of the primary electrons. The second category is

dominated by the backscattered electrons. To image the topography of the surface

of the sample, the secondary electrons are detected during the scanning. The data

of the intensity of the signal from those secondary electrons as a function of the

position of the beam are used to generate the topographic image of the sample. Other

characterizations using signals due to electrons of the second category or the emitted

electromagnetic wave can also be done using different detectors that are specifically

designed for different kinds of signal. Those characterizations are beyond the scope of

this work, thus are not discussed here. The explanation about those characterizations

can be found in textbooks on SEM such as Ref. [158].

2.5 The experiments

The experiments that were performed in this research mainly used the UHV system

described in Section 2.3. STM/STS was used as the main technique to characterize

samples. Additional techniques, i.e. MOKE magnetometry, sputter-deposition, and

SEM, were used only in minor parts of this work. The setup for those additional

techniques are not connected to the UHV system.
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MOKE magnetometry was used to inspect the M(B) curves from the Cu(001) sub-

strate that contains subsurface Co as discussed in Chapter 3. The obtained curve

gives the indication of the formation of Co nanoclusters. Sputter-deposition and SEM

were used in the work presented in Chapter 5. Sputter-deposition was used to prepare

thin films for the fabrication of STM probes from cleaved thin films. SEM was used

to image the fabricated tips of that kind.





3
Direct subsurface growth of Co

nanoclusters in Cu(001)

This chapter reports a new subsurface growth mode in the Co-Cu system. The mode

provides a direct subsurface growth of Co nanoclusters by depositing Co atoms on

the Cu(001) surface in a single stage. The resulting subsurface Co nanoclusters are

located 2 monolayers (ML) deep below the atomically flat surface of Cu(001). Although

these hidden nanoclusters cannot be directly accessed by an STM probe, their shape

could be deduced using STM/STS via a careful analysis of the local deformation of

the Cu(001) surface as well as local variations of surface electron density induced by

the subsurface clusters. A strongly asymmetric shape of the nanoclusters is deduced:

they are typically 5 to 10 nm in lateral size but only 2 to 3 ML in thickness. The

thickness of the nanoclusters does not evolve significantly under a heat treatment. A

simple model is implemented to describe the growth kinetics. The results in this study

reveal that intense processes of diffusion, nucleation, and growth take place in a region

1 nm deep.

3.1 Introduction

Metal-on-metal heteroepitaxial growth usually aims at the formation of thin and flat

films, although a further downsizing in the lateral dimensions can also be realized. This

downsizing leads to a formation of nanoislands, nanoclusters or other nanostructures

on top of a surface [84, 159–167]. A direct formation of subsurface nanostructures is

generally not achieved via single-stage epitaxial growth modes. To obtain subsurface

structures, a combination of deposition methods like co-deposition, capping on-the-

41
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surface structures, or alternating deposition is usually needed [6, 168]. In this chapter

the direct formation of subsurface Co nanoclusters in Cu(001) using a single epitaxial

growth step is reported. To the best knowledge of the author, such a single-step depo-

sition process was never realized prior to this work and could be interesting for future

applications, particularly when it would lead to, e.g. enhanced magnetic anisotropies

observed in other studies on buried nanostructures [6, 8].

Previous studies revealed that Co growth on Cu(001) at room temperature results in

Co structures on top of the surface [69, 71, 74, 169–178]. The solubility of Co in bulk

Cu is very low [179, 180]. Incorporation of Co very deep into the Cu substrate, which

should precede the growth of the nanoclusters, would thus be very unlikely. However,

there is enough experimental evidence about incorporation of single Co atoms in the

first layer of Cu(001) after deposition even at room temperature [169–172, 177]. The

intermixing of Co and Cu can involve even a couple of near-surface layers at elevated

temperatures. This indicates that the solubility of Co in surface and near-surface

systems cannot be judged by a simple analysis of the bulk phase diagrams. Taking

into account physical processes that are governed by stress generation or vacancy

concentration, one can expect a gradual change from the surface towards the bulk

physical properties within a few atomic layers. This opens the possibility for Co

accumulation in the near-surface region. Furthermore, thermodynamic considerations

of surface and interface energies of the Co-Cu system indicate that the formation of

subsurface clusters is favorable. The free surface energy of Co (γCo = 2.55 Jm−2) is

higher than the sum of the free surface energy of Cu (γCu = 1.85 Jm−2) and the Co-Cu

interface energy (γCo-Cu = 0.25 Jm−2) [181, 182]. As a consequence, Co structures,

such as films or islands, would prefer to be surrounded by Cu rather than to be

located on the free surface [71, 73, 76, 183]. For a comparison with another system,

the growth of subsurface islands upon Cu deposition on Pb(111) was reported [113].

This is attributed to a similar relation between surface and interface energies for Cu

and Pb. Therefore, one can expect that the formation of subsurface Co clusters in

Cu(001) will take place if proper growth parameters are chosen.

The formation of subsurface clusters should involve Co diffusion in the region below

the Cu(001) surface. Since this process is thermally activated, temperature becomes a

crucial parameter. From the studies on thin film growth of Co on Cu(001), it is obvious

that room temperature is not high enough to activate this diffusion into the region be-

low the surface. To activate subsurface diffusion, deposition should be performed at a

significantly higher substrate temperature. Previous studies on Co growth on Cu(001)

at elevated temperatures indeed indicated the possibility to get the subsurface Co. A

study with Scanning Tunneling Microscopy (STM), Auger Electron Spectroscopy and



3.2. Experiments 43

Low-Energy Electron Diffraction reported by Ramsperger et al. revealed that Co goes

below the surface upon deposition on Cu(001) at 540 K [69]. However, no detailed de-

scription about the created structure was reported. In a different but related system,

Zimmerman et al. reported the phenomenon of burrowing of Co particles upon their

direct deposition on Cu(001) at 600 K [75]. These studies coherently reported that

Co does neither tend to stay on the surface nor in the first layer of the substrate upon

deposition at elevated temperatures.

Considering the suggestions and the reports discussed above, a new regime of subsur-

face epitaxial growth was found. This regime was successfully obtained by elevating

the substrate temperature above the value commonly used for the growth of a Co

thin film on Cu(001). Co deposition on such a hot Cu surface was found to lead

to a direct growth of subsurface Co nanoclusters. As shown later in this chapter, a

temperature of around 650 K provides an efficient incorporation of Co atoms in a

region of 1 nm deep below the surface where the subsurface growth takes place. At

this temperature further Co incorporation into deeper regions of Cu is still hampered.

A detailed study on the resulting subsurface structure was performed using scanning

tunneling microscopy/spectroscopy (STM/STS). Although STM/STS is known as a

surface analysis technique, the local surface deformation and local variation of surface

electron density that are induced by the subsurface nanoclusters enable utilization of

STM/STS for characterization of those hidden nano-objects. Insight about the growth

kinetics of the clusters is obtained by varying the nominal coverage of deposition and

applying heat-treatments.

This chapter is organized as follows. The next section gives a general explanation

about the experiment. In Section 3.3, the structures obtained after Co deposition

on hot Cu(001) are described. Sections 3.4 and 3.5 describe the characterization of

the subsurface nanoclusters, addressing their shape and depth, respectively. Section

3.6 describes the growth kinetics of the nanoclusters. Section 3.7 summarizes and

concludes the discussion in this chapter.

3.2 Experiments

Subsurface Co nanoclusters were formed after Co deposition on a hot (650 K) single

crystal Cu(001) substrate. Prior to deposition, the substrate was cleaned in vacuum

using the sputter-anneal procedure described in Subsection 2.2.1. Co was deposited

with different nominal coverages, ranging from 0.1 to 1.43 monolayers (ML), using

e-beam evaporation technique from a calibrated Co source (deposition rate = 0.22

ML/min) at a base pressure below 5 × 10−10 mbar. All sample preparation and
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characterization were done in situ in the UHV system described in Section 2.3.

The samples were characterized using STM/STS at 78 K with electrochemically etched

W-tips. The base pressure during measurements was below 10−10 mbar. STM mea-

surements provide topographic maps. Analysis of specific features in the images gives

the values of the lateral size as well as the thickness.

STS provides surface differential tunneling conductance (SDC) maps at the scanned

surfaces as well as dIt/dV (V ) and It(V ) spectra at selected locations. A lock-in

technique was used with a modulation of 50 mV peak-to-peak superimposed to the

bias voltage. The SDC mapping was performed together with the STM topographic

imaging at constant bias voltages while the feedback loop was closed. The dIt/dV (V )

and It(V ) spectra were measured together with the feedback loop open while the bias

voltage being varied.

Characterization of samples with different nominal Co coverages gives information

about the kinetics of the growth. More insight in the kinetics of the growth is gained

from an extra heat treatment. In this treatment, the samples containing Co clusters

were heated up to the deposition temperature and kept at that temperature for various

time followed by STM/STS measurements.

3.3 Structures after cobalt deposition on a hot substrate

After a 650 K deposition of 0.85 ML of Co, STM images reveal an atomically flat

Cu surface, as shown by Fig. 3.1(a), instead of islands on top of the surface which

are usually obtained after a room-temperature deposition. A similar observation was

reported by Ramsperger et al. after a deposition at 540 K [69]. In Fig. 3.1(a) one

can see a surface with two atomically flat terraces that differ in height by ∼ 180

pm [Fig. 3.1(b)], corresponding to the interlayer distance of Cu(001) dCu. However,

shallow depressions on the surface with typical lateral sizes of 5 to 10 nm and depths

δ around 20 pm were observed on these flat terraces [Fig. 3.1 (b)]. More detailed

STM and STS images [Fig. 3.1(c) and (d)] reveal that the depressions correlate to

a local enhancement of SDC. This is observed as spots with bright contrasts in the

SDC maps exactly at the positions of the depressions for bias voltages ranging from

0.1 V to 0.6 V. Surface profiles across the depressions, a typical one is shown in Fig.

3.1(e), reveal that δ ranges between 16 pm and 22 pm, which corresponds to 9% to

12% of dCu. Since these depressions and the corresponding enhanced conductance are

not observed in STM and STS images of clean Cu(001) without Co deposition, they

should be attributed to the presence of Co.
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Figure 3.1: (a) A typical topographic map of the Cu(001) surface (70× 70 nm2) after 0.85-
ML Co deposition at 650 K. The tunneling set point is (0.4 V, 1 nA). The bright and dark
areas are two neighboring atomically flat terraces. Surface depressions are visible as spots on
the terraces. (b) The surface cross section along the line shown in (a). The ellipse indicates
the same surface depression indicated by the white ellipse in (a). (c) A typical STM image,
18 × 18 nm2, of a surface with a surface depression. The tunneling set point is (0.2 V, 1
nA). (d) The SDC map corresponding to the area shown in (c) at the same tunneling set
point. (e) The surface cross section along the line shown in (c). (f) STM image of an area
(11.25 × 11.25 nm2) with the ring-like ripples in between the depressions. The arrow shows
one of the ring-like ripples. The tunneling set point is (-0.2 V, 1 nA). (g) A result of an ex
situ room temperature MOKE measurement.
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Although the variation of local density of electronic state may contribute in the surface

profiling by STM, the observed depressions are real. In Subsection 3.4.2 it is shown

that the electronic effects on the sample can only slightly reduce the apparent depth

of the depressions determined from their cross sections.

In addition to the depressions and the enhanced conductance, Figs. 3.1 (c) and (d)

show ripples elsewhere. These ripples originate from single Co atoms dissolved within

a few subsurface layers of the Cu substrate. More detailed analysis of the ripples, given

by Fig. 3.1(e), shows that they are formed by superposition of ring-like structures with

a diameter ranging from 0.5 nm up to 2 nm. Exactly the same ring-like structures

were reported by Weismann et al., resulting from a perturbation of the surface electron

density due to the presence of single Co atoms below (001) and (111) surfaces of

Cu [120]. The diameter of the single rings is determined by the depth of the single

scattering center represented by the single Co atoms in the Cu matrix. Thus, part

of the deposited Co is also present as single atoms in the near surface region. This

additional feature will also be discussed later.

Besides being partially dissolved near the surface, Co also forms nanoclusters as de-

duced from additional ex situ magneto-optic Kerr effect (MOKE) measurements at

room temperature. Figure 3.1(g) shows one of the magnetic hysteresis loops obtained

from the measurements on the samples in this study. This ferromagnetic signal can

only be explained by ferromagnetic objects like Co nanoclusters. Single Co atoms that

are dissolved in the Cu matrix would only provide a paramagnetic signal [184]. Thus,

the hysteresis loops confirm that the observed surface depressions should be associated

with Co nanoclusters.

The nanoclusters can be located either in the first layer of the substrate or below

the surface as no islands on the surface are shown by STM images [Fig. 3.1 (a) and

(c)]. Both configurations would cause the appearance of depressions due to the lattice

mismatch between Co (afccCo = 3.54 Å) and Cu (aCu = 3.61 Å). A theoretical work by

Stepanyuk et al. shows that the latter case is favorable since the configuration of buried

Co clusters has a lower energy of the total system [76]. To provide the experimental

evidence about the location of the nanoclusters, the dIt/dV (V ) and It(V ) spectra

from a reference sample were analyzed. The reference sample was fabricated by an

additional Co-deposition on a cold (∼ 250 K) sample that already contained embedded

Co nanoclusters. Thus, the reference sample contained both the embedded clusters

and free Co islands of 1 and 2 ML thick on the surface as sketched in the bottom-left

corner of Fig. 3.2.

The dIt/dV (V ) and It(V ) spectra measured on the reference sample are shown in
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Figure 3.2: The dIt/dV (V ) spectra measured with a tunneling set point (-1 V, 1 nA). The
spectra are measured on (a) the clean Cu surface (black), (b) the depression (magenta), and
Co islands of (c) 1 ML (red) and (d) 2 ML (blue) thick. Inset: the corresponding It(V )
spectra. The schematic of the structure of the reference sample is given in the bottom left
corner.

Fig. 3.2. The spectrum from a clean Cu surface [labeled (a)] is almost featureless

as expected for a Cu(001) surface [138]. The spectrum measured on the depressions

[labeled (b)] is very similar to the spectrum from a clean Cu surface, with only a minor

enhancement in the positive bias voltage region. In contrast, the spectra measured

on Co surfaces, represented by 1-ML-thick [spectrum (c)] and 2-ML-thick [spectrum

(d)] Co islands, deviate strongly from the spectrum measured on Cu, particularly with

much lower values in the positive bias voltage region. If the nanoclusters would be

embedded in the first layer, exposing a free Co surface at the depressions, one would

expect a strong deviation of the spectrum measured on the depressions from the ones

measured on Cu, similar to what is shown by spectra (c) and (d) in Fig. 3.2. In

fact, there is no such strong deviation between spectra from the depression [spectrum

(b)] and from Cu [spectrum (a)]. Thus, it is concluded that spectrum (b) is due to

a tunneling between the tip and a Cu surface, implying that the Co nanoclusters

is located underneath the Cu surface. The subsurface nanoclusters just affect the

electron density at the Cu surface above each of them, causing a small deviation of

spectrum (b) from (a). This deviation is considered in Section 3.5 to deduce the depth

of location of the nanoclusters.
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Figure 3.3: A schematic side view of a Co cluster embedded below the surface of a Cu
substrate, resulting in a depression at the surface with a depth δ. The blue filled circles
represent Co atoms while the orange ones represent Cu atoms.

3.4 Shape of the nanoclusters

3.4.1 Lateral size

Based on the observed line profiles across the surface depressions, those depressions are

modeled as described by Fig. 3.3. Using this model, the lateral size of the nanoclusters

can be deduced. The analysis on STM images results in a typical lateral size of 5 to

10 nm. The amount of deposited Co is found to mainly influence the density of the

depressions and hardly affects the lateral size.

The typical shape of the nanocluster can be estimated by taking into account the

deduced lateral size, the surface coverage of the depressions, and the nominal amount

of the deposited Co. A more-or-less 3D symmetric shape would be expected for an

isotropic 3D growth like in the case of Ar nanoclusters formed deep below the Cu(001)

and Cu(110) surfaces [116–119, 185]. However, a simple analysis reveals that this

is not the case. The nanoclusters should be very thin. The upper limit of possible

thicknesses of the nanoclusters can be simply determined by dividing the total volume

of deposited Co to the area covered by the depressions. For example, upon a deposition

of 1 ML Co, the depressions cover ∼ 15% of the surface. With such an analysis one

finds that in principle the nanoclusters cannot be thicker than ∼ 1.3 nm (7 ML). This

value is much smaller than the average lateral size (7.7 nm) of the nanoclusters in that

sample. The actual shape of the clusters is deduced from a detailed analysis on the

thickness of the nanoclusters as presented below.

3.4.2 Thickness estimation

A more precise thickness estimation can be done by analyzing the depth of the de-

pressions δ which originates from the lattice mismatch between Co and Cu. Assuming
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the nanoclusters to possess a face-centered-tetragonal structure, like Co films grown

epitaxially on Cu(001) do [71, 186–189], their interatomic layer spacing in the third

dimension should be the same as it is in epitaxial Co films on Cu(001). The average

value of the depth of depressions ranges from 16 pm to 22 pm (9% to 12% of dCu).

Considering an overall interatomic layer distance in the Co clusters, reported to be 4%

smaller than dCu for epitaxially grown Co films on Cu(001) [188], the thicknesses of

the clusters is estimated to be 3 or 4 ML. However, when dealing with ultra-thin Co

films, significant relaxations at the Co-Cu interfaces as well as in the Cu and Co layers

close to the interfaces should be considered [71, 187, 189]. Besides this relaxation, a

slight difference in the electron density above the clusters can affect the real surface

profiling obtained with the constant-current mode of STM operation. The relaxation

and electronic effects can lead to a miscalculation of the nanocluster thickness if one

uses only the simplest approach based on the defined lattice mismatch.

To estimate the uncertainty of the Co nanoclusters thickness due to the electronic

effects, the apparent depth of depressions measured at various bias voltages were com-

pared. The difference of the apparent depths does not exceed 6 pm. This experimental

result is in a good agreement with another comparison based on the free electron tun-

neling model. It limits the apparent depth difference by 8 pm considering the observed

conductance curves. These numbers correspond to the uncertainty of the thickness of

the Co nanoclusters being less than 1 ML. Taking into account these numbers and

the fact that the depressions always show enhanced conductance [Fig.3.1 (d)] one can

consider the actual Co nanoclusters to be slightly thicker, but not by as much as one

extra atomic layer.

In contrast, when extra relaxations are taken into account, the nanoclusters are es-

timated to be thinner. Using interlayer distances between Co layers and the Co-Cu

layers at the interface reported in an experimental study by Cerda et al. [187], the

thickness of the clusters is estimated to be 2 or 3 ML assuming that both interfaces

in the clusters relax in a symmetric way. On the other hand, taking into account the

relaxations calculated by Spǐsák et al. leads to a conclusion of maximum thickness

of 3 ML [189]. Furthermore, considering relaxations in the system of Cu-capped Co

islands on top of a Cu(001) surface as reported in Ref. [71] suggests even thinner

nanoclusters of 1 ML thick. Nevertheless, one should notice that the latter structure

is not stable [71].

Obviously, the lack of consistent data on the relaxation of Co layers as well as the

possible influence of electronic density of states above the clusters hinder an unam-

biguous determination of the thickness. Nevertheless, the analysis above concludes

that a thickness in the range from 1 to 3 ML is the most likely. Better approaches
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to determine the thickness of the nanoclusters are discussed in Section 3.5 and 3.6,

taking into account the local variation of the surface electron density and surface cov-

erage of the depressions, respectively. These two approaches will be combined with

an auxiliary analysis of the evolution of the depression’s depth. In that analysis, the

relative change of the depth of the depressions as a function of the nominal coverage

is considered. The consideration of the relative change instead of an absolute value

makes the analysis more reliable. In this way the influence of relaxation and electronic

effects in the final result is suppressed or negligible.

3.4.3 Stability of the shape

The thickness of 1, 2, or 3 ML for the subsurface nanoclusters with a lateral size

of 5 to 10 nm, meaning a very high aspect ratio (≥ 10), could be considered to be

surprising. Usually one considers the minimization of total interface energy to be

the driving factor for the resulting shape. Since the clusters are embedded below the

surface, one may assume the substrate already possesses bulk properties thus expecting

the clusters to have a 3D symmetric shape such as a Wulff-like construction (with

consideration of the interface energy). However, the actual shape of the subsurface

clusters deviates strongly from this expectation. This raises the question of whether

these ultrathin clusters would remain very thin or undergo a 3D symmetrization under

a heat treatment. The latter scenario should lead to a gradual increase of the cluster

thickness upon annealing. This could be monitored from the evolution of the depth

the depressions because it is correlated with the change of thickness.

In the heat treatment, three parameters from the STM measurements were deduced:

(i) the average depth, averaging the depth over the entire depressed regions, (ii) the

maximum depth, averaging the deepest point of each depression over the complete

ensemble, and (iii) the surface coverage, normalizing the depressed area of the total

scan area. It is noted that a difference between average and maximum depths is

indicative of regions with different thickness within a single Co cluster.

Figure 3.4(a) and (b) shows the time dependences of the average and maximum depth

of the depressions, respectively, at the deposition temperature of 650 K. Figure 3.4(c)

shows the time dependence of the surface coverage by the depressed area, which indi-

cates the evolution of the lateral size of the nanoclusters due to the heat treatment.

Each plot is divided into Region I and II. Region I corresponds to a heat-treatment

time less than 10 minutes, which is ∼ 3× the deposition time. Region II corresponds

to the longer heat treatment. The average depth of the depressions is relatively con-

stant throughout the treatment as shown by Fig. 3.4(a). Region I of Fig. 3.4(b) shows
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Figure 3.4: Time dependence of the (a) average, (b) maximum depth of the depressions,
and (c) their surface coverage under a heat treatment at 650 K. The sample was fabricated by
deposition of 0.7 ML of Co on a hot Cu(001). The vertical line divides the plots into Region
I and II, corresponding to treatment time less and more than 10 minutes, respectively. The
error bars in (a) and (c) show the standard deviation of data distribution.

only a constant maximum depth of depressions while an increase the maximum depth

is shown by Region II. Figure 3.4(c) shows a decrease of the surface coverage of the

depressed area throughout the treatment implying a decrease of the lateral size of the

nanoclusters.

Region I of Fig. 3.4(a) and (b) indicates a negligible change of thickness of the nan-

oclusters after being at 650 K for less than 10 minutes. The decrease in the lateral

size indicated by Region I of Fig. 3.4(c) is thus attributed to the loss of Co from the

clusters due to diffusion, which is discussed further later. Region II of Fig. 3.4(a)

and (b), showing a relatively constant average depth of depression and an increase of

maximum depth, indicate that the nanoclusters start to become thicker. Taking into

account the Region II of Fig. 3.4(c), the formation of thicker clusters may contribute

to the decrease of the lateral size after a long heat-treatment (more than 10 minutes)

besides the loss of Co. The change of the thickness is estimated from the increase

of the maximum depth of the depressions, from initially being 28 ± 1 pm in the first

less than 10 minutes to become 37 ± 2 pm after 48 minutes∗. Such a small increase

of 9± 3 pm leads to the conclusion that the heat treatment at 650 K led only to the

clusters to start becoming thicker by only 1 ML. The heat treatment at the deposition

∗The mentioned errors are the standard deviation of the mean with the sampling number ranges
from 28 to 50
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temperature did not lead to an evolution of the nanoclusters’ shape towards a 3D

symmetric shape and only affected the nanoclusters’ thickness marginally.

Considering that the evolution of the shape of the nanoclusters towards a 3D sym-

metric one probably takes a much longer time at the deposition temperature, another

treatment was performed at 690 K to speed up the process. However, after this treat-

ment for less than 2 hours, no strong increase in the average or maximum depth of

depressions was observed. Moreover, after a treatment for more than 3 hours the to-

pographic and SDC maps did not reveal any depressions or contrasts, indicating that

the Co atoms from the clusters were totally dissolved into the substrate. This was

also the case after an additional treatment on another sample done at a much higher

temperature (800 K) for 5 minutes. Thus, a heat treatment does not, in principle, lead

to a 3D symmetrization of the clusters until the Co atoms are completely dissolved.

3.5 Depth of location of the nanoclusters

The subsurface Co nanoclusters in Cu(001) induce a deviation of electron density at the

surface above each cluster as evidenced by Fig. 3.2 [compare spectra (a) and (b)]. Such

a deviation observed at different depressions and for samples can be systematically

analyzed using [(dIt/dV )/(It/V )](V ) spectra with a normalization to the spectra from

the clean Cu surface. In Fig. 3.5(a) the Cu-normalized [(dIt/dV )/(It/V )](V ) spectra

from different depressions and samples are shown by the colored spectra. Differences

between various spectra can be attributed to individual parameters of the nanoclusters

such as their size or shape. Despite these small differences, the spectra are generally

of similar shape. The average of these spectra is shown by the black spectrum, and

will be used for further analysis.

The shape of these Cu-normalized [(dIt/dV )/(It/V )](V ) spectra can be associated

with the depth and thickness of Co nanoclusters. This is because the deviation of

electron density at the surface should be dependent on how deep the nanoclusters

are located as well as how thick they are. Therefore, the depth and thickness of

the nanoclusters can be determined experimentally by comparing the actual spectra

with the ones measured on a calibration sample containing a known Cu/Co/Cu(001)

structure. The calibration sample was fabricated separately by subsequent Co and

Cu depositions using e-beam evaporation on a clean Cu(001) substrate. The resulting

sample contained Co layers of 1, 2, and 3 ML thick buried below an atomically flat Cu

surface at a controllable depth while part of the surface was still a clean Cu surface

as shown by the inset in Fig. 3.5(b).

Figure 3.5(b) shows the averaged spectrum from the depressions [spectrum (i)], which
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Figure 3.5: (a) Cu-Normalized [(dIt/dV )/(It/V )](V ) spectra from various depressions ob-
tained after 0.6- and 0.8- ML Co depositions. The averaged spectrum is shown by black
squares. (b) Spectrum (i) is the averaged spectrum from the depressions, the same as in (a).
Spectra (ii) and (iii) are two selected spectra from the calibration sample. The schematic
picture of the calibration sample is put in the upper part of the figure. All spectra were
measured with a tunneling set-point of (-1 V, 1 nA).

is the same as that shown in Fig. 3.5(a), together with two selected examples of

spectra [(ii) and (iii)] from the calibration sample. The shape of spectrum (ii) is very

similar to spectrum (i) with minor deviations in between -0.5 and 0.7 V. The spectrum

(iii) deviates significantly from (i) revealing the absence of the peak around -0.1 V.

Both spectra (ii) and (iii) are actually obtained from similar 2-ML-thick Co layers

covered by Cu layers but with different thicknesses of Cu. Spectrum (ii) is obtained

with a 2-ML-thick Cu covering layer while spectrum (iii) is obtained with a 3-ML-thick

one. One can see that a difference of only 1 ML in the Cu layer thickness leads to a

remarkable deviation from spectrum (i). No other combination of Co and Cu layers

(not shown here) gives a similarity that is better than that of the combination of 2 ML

of Cu and 2 ML of Co. Based on this analysis, it is concluded that the Co nanoclusters

are located 2 ML below the surface, with their thickness being 2 ML.
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Figure 3.6: (a) The surface coverage and (b) the average depth of the depressions vs
the nominal coverage θ. Straight lines in (a) show the expected surface-nominal coverage
dependencies based on the simplified assumptions given by Eq. (3.1) for clusters thicknesses
of 1 (red), 2 (green), and 3 (blue) ML. The solid squares represent the experimental results.
The solid fitted curve in (a) is obtained from the model Eq. (3.2) with n = 2. The dashed
line in (b) is a guide to the eyes showing the data tendency. The gray area indicates the
experimental regime where no surface depressions were found. The error bars show the
standard deviation of data distribution.

3.6 Modeling

3.6.1 Surface coverage versus nominal coverage plot

To get insight into the growth kinetics, an analysis of the surface coverage is done

together with a modeling analysis. These also provide an alternative determination of

the thickness of the clusters. The analysis considers the surface coverage of the depres-

sions (Φ), presented in percentages, as a function of the nominal coverage (θ). The

function Φ(θ) depends on and reflects the thickness of the clusters. As the deposition

time in our study was always less than 10 minutes, a two-dimensional (2D) growth

mode is expected as deduced from the discussion in Subsection 3.4.3. Therefore, one

might expect that this corresponds to a constant thickness of n ML of Co nanoclusters

where n can be 1, 2, or 3. With an assumption that dissolving of Co in Cu as well

as diffusion of Co to the bulk region could be neglected, this mode should lead to a



3.6. Modeling 55

linear relation

Φ =
100%

n ML
θ. (3.1)

.

Figure 3.6(a) shows the experimental Φ(θ) plot. It shows the remarkable deviation of

the experimental plot from the straight lines predicted by Eq. (3.1). Overall, the Φ(θ)

plot reveals two surprising features. First, nanocluster formation was not observed up

to 0.2-ML Co deposition [see the gray area in Fig. 3.6(a)], while it was observed after a

Co deposition of ≥ 0.35 ML. This means there is an onset θs (0.2 ML < θs < 0.35 ML)

for cluster formation. Second, the plot does not resemble a linear relation between Φ

and θ as described by Eq. (3.1).

In addition to the Φ(θ) plot, the plot of the average depth of the surface depressions

versus θ is also presented as shown by Fig. 3.6(b). After the deposition of small

amount of Co θ ≤ 0.2 ML, where zero depth is reported, the plot shows a quick jump

to the value of 17 pm followed by an increase of the depression depth from 17 pm up

to 25 pm within 0.5 ML ≤ θ ≤ 1.43 ML. The increase of the depth by about 8 pm

corresponds to an increase in the thickness of the Co cluster by approximately one

single atomic layer. This means that the actual increase of the thickness following the

growth is limited, excluding a 3D type of growth related to the actual cluster sizes.

The onset of cluster formation is similar to what was observed previously for the

growth of surface Co structures on Cu(001) at room temperature. In that case, Co

surface islands do not form after a Co deposition for θ ≤ 0.25 ML [169, 171, 178].

Although the onset that appears in the room-temperature surface growth has been

explained well [171, 178], one should note that the explanation for the reported onset

of the subsurface growth in this chapter is still not clear.

The onset indicates the need to have Co accumulation up to a certain concentration

in the region near to the surface prior to cluster formation. This accumulation is not

expected within the actual temperature range. Although a weak diffusion of Co into

the bulk of Cu can occur at the deposition temperature, it should only be a minor

effect due to its low rate. With an activation energy of 2.22 eV [190], Co diffusion in

bulk Cu becomes significant only at a temperature ≥ 800 K. However, the appearance

of ringlike ripples in the topographic maps [see Fig. 3.1(e)] evidences the presence of

single Co atoms near the Cu(001) surface, as mentioned earlier. Thus, it is concluded

that subsurface Co diffusion in the substrate during the deposition should occur in

the near-surface region, while the bulk diffusion in deeper regions is still limited. As
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Figure 3.7: A schematic illustration of the main processes considered in the model described
by Eq. (3.2). The black circles represent Co atoms while the orange ones represent Cu atoms.
(a) Start of Co deposition on a hot u(001) substrate. (b) Incorporation and accumulation
of Co occurs in the near-surface region. (c) Formation of an initially n-ML-thick Co cluster.
(d) Further growth of the initial clusters, accompanied by formation of the next layer as well
as Co segregation from the initial cluster (blue arrow) and the thicker cluster (red arrow).

a consequence, Co accumulates near the surface.

The curved shape of the Φ(θ) plot can originate from a process of Co segregation from

the clusters as well as a formation of thicker clusters during the growth. Co segregation

takes place as Co atoms diffuse away from the clusters and then go farther into the

deeper region via a weak bulk diffusion that is assumed to take place. This segregation

process is confirmed by the heat treatment as discussed in Subsection 3.4.3.

Besides Co segregation, formation of thicker clusters may also contribute to a curving

of the Φ(θ) plot. In this case, the clusters nucleate with the initial thickness n ML.

Under higher nominal coverages the clusters develop laterally while each cluster can

also partially reach the thickness of n+ 1 ML. This is consistent with the increase of

depth of depression shown by Fig. 3.6(b). Therefore, the growth of the Co clusters

can still be considered in the framework of the 2D type of growth of a complex system

characterized by two thicknesses.

3.6.2 Growth description

Based on the previous discussion, a simple phenomenological model is proposed to

describe the growth of Co nanoclusters. This model mainly takes into account Co

subsurface diffusion near a Cu(001) surface.

The growth starts with Co diffusion and accumulation in the region several atomic
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layers below the Cu(001) surface [Figs. 3.7(a) and (b)]. After the required Co con-

centration to initiate cluster formation is reached, further deposition of Co leads to

an agglomeration of Co atoms. This leads to the formation of initial clusters with a

stable thickness of n ML [Fig. 3.7(c)] where n is assumed to be initially 1, 2, or 3 as

deduced in Section 3.4.2.

The growth of the initial clusters in lateral dimensions takes place as the deposition

continues. Part of the deposited Co, denoted by α, participates in this growth, while

the remainder diffuses into the deeper region of the substrate via weak bulk diffusion.

The growth of lateral dimensions is described by an increase of the partial surface

coverage Φn at a rate of R× α× 100%/(n ML), where R is the deposition rate.

During the growth of the initial clusters, Co atoms in these n ML thick clusters can

form thicker clusters of thickness n+ 1 ML as well as segregate to leave the clusters.

The formation of thicker clusters increases the partial coverage Φn+1 with a rate

proportional to Φn. The segregation takes place with a rate proportional to the area

of the Co-Cu interface, thus proportional to Φn and Φn+1.

The growth model described above is described by the following set of differential

equations

dΦn
dt

=
Rα100%

n ML
− snΦn − (n+ 1)fnΦn + sn+1Φn+1,

dΦn+1

dt
= nfnΦn − sn+1Φn+1,

(3.2)

for t ≥ ts. Here, ts is the required deposition time to reach the onset θs, and Φ = Φn+

Φn+1. The parameters sn and sn+1 are fitting parameters related to the segregation

of the n and n + 1 ML thick clusters, respectively, while fn is the fitting parameter

related to the formation of n+ 1 ML thick clusters. In the present form, Eq. (3.2) can

be solved analytically.

The analytical solutions of Eq. (3.2) (see Appendix A) for various n are fitted to the

experimental data. Figure 3.6(a) shows the best fitting that is obtained for n = 2.

The fitting for n = 3 leads to unphysical values of the parameters, while the fitting

for n = 1 is possible, although it is less satisfactory than that for n = 2. The fitting

for n = 2 suggests that first 2-ML-thick clusters nucleate after an onset deposition of

0.26 ML of Co. During lateral growth, the transformation of the 2-ML-thick clusters

to the 3-ML-thick clusters takes place. This results in a final configuration of clusters

with combined partial thicknesses of 2 and 3 ML.

The thickness suggested by this model is in good agreement with the estimated thick-
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ness deduced in Section (3.4.2). It is realized that the exact thickness of the nanoclus-

ters still cannot be determined from solely this simple model. To determine the exact

thickness of the clusters a more advanced model which takes various atomic processes

into account in more detail is certainly required. Nevertheless, taking into account the

analysis in Section 3.5, it is likely that the nanoclusters initially grow with an initial

thickness of 2 ML.

3.7 Summary and conclusions

A subsurface growth mode in the epitaxial system of Co and Cu is obtained by a Co

deposition on a hot (650 K) Cu(001) substrate. This mode results in Co nanoclusters

located below an atomically flat Cu surface. The shape and the depth of location of

the nanoclusters are deduced experimentally by a careful analysis of STM/STS data.

The growth kinetics is also studied by implementing a simple phenomenological model

that describes the growth of the nanoclusters. Combining the analysis of both the

experimental and modeling results, it is revealed that the nanoclusters have lateral

sizes of 5 to 10 nm and thicknesses of 2 to 3 ML. Their location is also revealed to be

2 ML deep below the surface.

The deduced parameters suggest that the processes of Co diffusion and cluster nu-

cleation which govern the growth of the subsurface Co nanoclusters take place in a

region below the surface that is up to 5 ML (∼ 1 nm) deep. Since such processes are

different from the ones in the bulk, this implies the region that can be attributed to

near-surface is ∼ 1 nm deep.

In this study the capability of STM/STS to locally detect features on the surface

which are induced by the subsurface structures has been used to characterize the

subsurface Co nanoclusters. This demonstrates the possibility of extending the use of

this surface-sensitive technique to not only surface but also subsurface studies.



4
Co diffusion in the near-surface region of

Cu(001)

This chapter presents the study on Co diffusion in the first few atomic layers of

Cu(001). While the diffusion of Co atoms in Cu(001) is usually expected to be in-

tense at a temperature T ≥ 800 K, in the vicinity of the surface it is already activated

at a considerably lower temperature T ∼ 650 K whereas the diffusion in the deep bulk

region is still inhibited. This intense near-surface diffusion provides the accumulation

of Co atoms in the first six atomic layers upon a single stage Co deposition. The

details of the near-surface diffusion are studied by analyzing the distribution of the

location depth of the buried single Co atoms. The depth of location of those atoms is

deduced from scanning tunneling microscopy (STM) data. The subsurface Co atoms

induce a perturbation of the electron density of states of the surface which is observ-

able as apparent ringlike ripples in the STM images of the atomically flat Cu surface.

The depth of location of the buried Co atoms is determined from the diameter of those

rings. The largest amount of Co atoms is found to be in the third layer, emphasizing

that the near-surface diffusion should be described by diffusion parameters different

from those for bulk diffusion. A model that describes the embedding process of Co

atoms into Cu(001) layers is developed. The model assumes Co atoms to diffuse via

the vacancy and atomic-exchange mechanisms. The energy barriers for the interlayer

Co diffusion via those mechanisms are calculated using the nudged elastic band method.

The model satisfactorily explains the experimental results. This study reveals that the

energy barriers for Co diffusion in the first five atomic layer of Cu(001) are lower than

those in the bulk. This defines the region in which Co diffusion should be considered

as a near-surface one.

59
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4.1 Introduction

Studies on atomic diffusion in solids, thin-film growth, and subsurface nanoclusters

show that diffusion in the vicinity of the surface cannot always be explained by imple-

menting the bulk values of diffusion parameters [69, 113, 130, 191–202]. This implies

that the process of diffusion is affected by the proximity of the surface. The discrep-

ancy between the diffusion in the near-surface region and in the deep bulk raises the

following question: until which depth the proximity of the surface affects this process?

This question is addressed in the present work for the case of near-surface diffusion

of Co in Cu(001). The near-surface diffusion is considered important, for example, in

the thin-film technology where it results in intermixing at the interface.

Despite the fact that the Co-Cu(001) system has been studied extensively, studies on

Co diffusion were done mainly for the diffusion on the surface, into and across the

first layer, as well as in the deep bulk. They provide the surface and bulk values of the

diffusion parameters that have been reported elsewhere [67, 68, 169, 171, 179, 180, 190,

203–205]. On the other hand, Co diffusion in the region close to the Cu(001) surface

has rarely been investigated. Here, a detailed study on this near-surface process is

presented, and how the values Co diffusion parameters vary in the near-surface region

and converge towards their bulk values is shown.

The experiment to investigate the near-surface diffusion requires a condition where

it can be easily distinguished from the bulk diffusion. This requirement is met when

the diffusion in the near-surface region is intense while being inhibited in the deep

bulk. Since diffusion is thermally activated, achieving this condition needs a careful

determination of the experimental temperature. Diffusion is considered intense when

the rate of atomic jumps is sufficiently high, which is higher than ∼ 1 min−1 regard-

ing the experiment in this study. The rate of atomic jumps f is determined by the

temperature T via the relation

f = f0 exp

(
− Q

kT

)
, (4.1)

where Q is the energy barrier of the atomic jump, k is the Boltzmann constant, and

f0 is the attempt frequency which is assumed to be equal to the Debye frequency.

The activation energy for the jump of a Co atom into the first layer of Cu(001) is

up to ∼ 1 eV [67, 68, 204]. Implementing this value into Eq. (4.1), one can deduce

that the diffusion into the first layer is intense at T & 350 K [67, 68, 169, 171,

203, 204]. Considering the activation energy of the jump of a Co atom in bulk Cu

Eb = 2.22 eV [190], an intense bulk diffusion should be achieved only at a much higher

temperature T ≥ 800 K. Assuming the proximity to the surface facilitates Co diffusion,
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the temperature range that meets the requirement of the experiment in this presented

work should be expected to lie in between 350 and 800 K. The experimental evidences

that validate this prediction can be found in previous reports. Co depositions at 540-

and 650-K Cu(001) result in the burying of Co below the surface as reported in Ref.

[69] and shown in the previous chapter. Although not established in Ref. [69], in the

previous chapter this burying process is attributed to the near-surface diffusion. Yet

neither the mechanisms nor the corresponding physical parameters are in the scope of

those reports. Bulk diffusion in those experiments should be insignificant as the rate

of jumps of Co atoms in bulk Cu is lower than 3 × 10−2 min−1 at the experimental

temperatures. Considering this, one can deduce that the temperature range from 540

to 650 K provides the condition required in the actual experiment on the near-surface

diffusion.

Based on the discussion above, the experiment was performed by depositing Co on

a Cu(001) substrate at 650 K. Experimentally, Co atoms were found not staying on

or in the first layer of the substrate upon such a deposition. Instead, they diffuse

into the subsurface region and accumulate in the first few subsurface atomic layers.

To study the detail of that diffusion, the distribution of the depth of the location

of the buried Co atoms is analyzed. The depth of location of single Co atoms was

determined using scanning tunneling microscopy (STM) [120, 122]. The distribution

of the depth of location reveals that the largest amount of Co atoms is in the third

layer. These experimental findings could not be explained if Co diffusion in the first

few subsurface layers were described using the surface or the bulk values of Co diffusion

parameters. To provide an explanation for the experimental results, a theoretical work

that elucidates Co near-surface diffusion was carried out. A model that describes Co

diffusion in the near-surface region of Cu(001) is proposed where realistic diffusion

mechanisms are presented. The activation energies for Co diffusion in the first few

atomic layers of Cu(001) as well as in the deep bulk were calculated. Using the model,

the experimental results are well explained.

This chapter is organized as follows. Section 4.2 gives the general description of the

experiment. Section 4.3 presents the experimental evidence of the burying of Co atoms

after the deposition and the distribution of Co in Cu(001) as well as the discussion

about them. Section 4.4 presents the theoretical modeling. The comparison between

the experimental and theoretical results is given in Section 4.5. Section 4.6 summarizes

the discussion in this chapter.
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Figure 4.1: (a) The topographic map of the Cu(001) surface, 15×15 nm2, after the deposi-
tion of Co at 650 K. Areas with different contrasts are two atomically flat terraces. (b) The
surface profile along the line in (a). A single atomic step between the atomically flat terraces
is shown in the image.

4.2 Experiment

The experiment was performed using the UHV system described in Section 2.3. The

samples were fabricated and analyzed in situ. The sample with Co atoms embedded

in it was obtained by depositing a small amount of Co [< 0.1 monolayers (ML)] on

a Cu(001) substrate at 650 K. Before the deposition, the substrate was cleaned using

the sputter-anneal procedure described in Subsection 2.2.1. The deposition rate was

∼ 0.2 ML min−1 and the base pressure was < 5× 10−10 mbar. After the deposition,

the sample was cooled down in ∼ 30 min to reach the room temperature before being

introduced into the LT-STM.

The sample was characterized using STM. The measurements were performed at 78

K with a base pressure < 10−10 mbar. The STM imaging was done at the constant-

current mode, providing topographic maps of the surface of the samples. The buried

Co atoms induce specific features that are observed in the STM images. The detailed

description of the features is given in the next section. These features are used to

determine the location of the subsurface Co atoms.

4.3 Experimental results and discussion

4.3.1 Burying of Co atoms below the Cu(001) surface

Figure 4.1(a) presents the typical STM image of Cu(001) after the deposition of < 0.1

ML Co. It shows two atomically flat terraces with a height difference ∼ 180 pm,

corresponding to the interlayer spacing in Cu(001) dCu [Fig. 4.1(b)]. The topographic

maps reveal no islands on the surface. Moreover, no Co atoms embedded in the first
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layer were observed. Co atoms that were embedded in the first layer should have been

observed as protrusions in the STM images of the atomically flat terraces acquired at

a bias voltage in the range between -2.5 and +2.5 eV [68, 104–106, 169, 206]. Since

such protrusions were never observed in the actual measurements, it is concluded that

there should be almost no Co atoms embedded in the first layer. All of these confirm

that at 650 K Co neither stays on the surface nor in first layer of Cu(001) but goes

into the subsurface region as was also reported previously [69, 75, 130].

Nevertheless, the STM images of the atomically flat terraces are not exactly the same

as those of clean Cu(001) substrate that contains no Co. The topographic maps of

the samples with buried Co atoms reveal ripples on those terraces [Fig. 4.2(a)]. The

ripples are of ringlike shape with their diameter ranges from ∼ 0.5 to ∼ 2.0 nm. In

principle, the apparent ringlike ripples could be induced by surface impurity atoms.

Impurity atoms that are embedded in the first layer scatter surface electrons, inducing

oscillations of the electron density of states at the surface that are imaged as concentric

ripples in the STM images. Such oscillations are mainly observed in the STM images

of surfaces that provide 2D electron states associated with the surface states. This

situation is well known for Cu(111) [83, 95–97]. Unlike the case of Cu(111), the

STM images of Cu(001) show no oscillations of surface electron density of states that

are induced by surface impurities. Moreover, the apparent ringlike ripples that are

induced by surface impurities always show several periods of oscillations which were

never revealed in the experiments reported here. Therefore, the ringlike ripples that

are observed in the measurements performed in this reported study should not be

attributed to the surface impurity atoms.

The apparent ringlike ripples that are observed in this presented experiment are similar

to those observed by Weismann et al. in the STM images of the atomically flat

Cu(001) and Cu(111) surfaces with single Co atoms buried below them [120]. They

are due to the perturbed surface electron density of states, which is caused by the

subsurface scattering of substrate electrons. The subsurface Co impurities act as

scattering centers [112, 120, 122]. The shape of the ripples in general is nearly circular

while the exact shape is determined by the electronic band structure of Cu. Thus, the

ringlike ripples that are observed in our experiment identify single Co atoms that are

hidden below the Cu surface.

The remarkable self-burying of Co atoms below the surface at the temperature of 650

K would not be expected if the properties of the second and deeper layers of Cu(001)

were assumed to be the same as those of the deep bulk. Considering the low energy

barrier for the incorporation of a Co atom from the surface into the first layer, which is

only up to ∼ 1 eV [67, 204], this process takes less than 10 µs at the actual deposition
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Figure 4.2: (a) The ringlike ripples observed in the STM images of the atomically flat
terraces after the deposition at 650 K. The arrows show rings with different diameters, corre-
sponding to different depths of the location of the single Co atoms. The image shows an area
of 6.25× 4.06 nm2. The tunneling set point is (-0.15 V,1 nA). (b) The simulated illustration
of the relation between the depth of a buried Co atom, z, and the diameter of the ripple
above it, d. The Co atom is represented by the dark blue sphere.

temperature as deduced using Eq. (4.1). With an energy barrier of Eb = 2.22 eV, the

typical time required for a Co atom to jump from one into another lattice point in

the bulk Cu at 650 K is ∼ 7 hours. Taking into account the deposition rate and the

experimental time scale, Co would have accumulated in the first layer if the energy

barrier for the diffusion into the second and deeper atomic layers were equal to Eb.

This is in contrast with the actual observation which reveals no Co in the first layer

after a deposition on a hot Cu(001). It means the energy barrier for Co diffusion in

the near-surface region should be lower than Eb, providing the accumulation of Co

atoms into that region.

The conclusion above implies that the energy barrier for Co diffusion in Cu(001) is

depth dependent. Since the rate of Co migration into different depths is determined

by the energy barrier for diffusion, the distribution of the depth of location of the

buried Co atoms reflects this depth dependency of the barrier. The discussion and

further data about the depth distribution are presented in the following subsection.

4.3.2 Co distribution in Cu(001)

The distribution of the depth of location of the buried Co atoms was determined by

analyzing the apparent ringlike ripples similar to those in Fig. 4.2(a). As shown by

Weismann et al., the size of each apparent ring corresponds to the depth of location of

the impurity atom [120, 122]. In general, the shape as well as the relation between the

size of the specific ripple structures and the depth of the impurities can be complicated,

depending on the band structure of the host material. Particularly for an impurity in

Cu(001), the characteristic ripple structure has a roughly circular shape. The relation
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Figure 4.3: The distributions of depth of the location of Co atoms in Cu(001), deduced from
the analysis on STM data using Eq. (4.2). Different symbols and colors (blue-filled triangles
and black-filled squares) represent distributions obtained from different samples that were
fabricated with a similar procedure. The horizontal error bars across the symbols show the
standard deviation of the data distribution. The vertical ones represent the uncertainty of
the relative counting frequency as derived from the counting uncertainty. The red-filled circle
(pointed by the arrow) is an auxiliary point, showing the estimated depth of the center of
atoms in the first atomic layer. The top of horizontal axis presents the Cu(001) layers to
which the depth is attributed. Inset: The histogram of the distribution of the diameter of
the apparent ringlike ripples. The diameters show a clustering around averaged values shown
by the numbers above each cluster. The data presented by the histogram were analyzed to
obtain the distribution presented by the blue-filled triangles.

between diameter of the ringlike ripple structure d and the depth of location of the

Co atom below it z can be approximated by a simple formula [120] [Fig. 4.2(b)]

d ≈ 2z. (4.2)

This formula was used to deduce the depth of location of the Co atoms in the Cu

substrate from the diameter of the apparent rings revealed by STM images. The dis-

tribution of depth of location of Co atoms is obtained by analyzing an ensemble of

rings shown by STM data. To inspect the reproducibility of the resulting distribu-

tion, the analysis was carried out on two samples that were fabricated with similar

procedure.

The diameter of the ripples was measured along the 〈100〉 directions and calibrated to

the atomically resolved images. The diameters are found to cluster around averaged

values that differ by around a multiple integer of 360 pm with some variations of
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∼ 100 pm (see the inset of Fig. 4.3). By applying Eq. (4.2) in the analysis, the

distributions of the depth of Co location are obtained as presented in Fig. 4.3. In the

presentation of the distributions, the number of entries that correspond to each depth

is normalized to the total number of entries in the corresponding data sets. The blue-

filled triangles and the black-filled squares present two distributions that are obtained

from the aforementioned two samples. Both distributions are consistent, showing the

reproducibility of the observed distribution. To emphasize that there are almost no

Co atoms embedded in the first layer, an auxiliary point is added in the plot as a

red-filled circle (pointed by an arrow). The depth of this extra point corresponds to

the estimated distance between the surface and the center of the atoms in the first

layer which is obtained by approximating the Cu atoms as hard spheres.

The distributions in Fig. 4.3 reveal that the depths of location of Co atoms differ

by around the multiple integer of 180 pm. Such depth differences are correlated to

the multiple integer of interlayer distance in Cu(001) dCu. Since Co atoms are very

unlikely to form interstitials in Cu(001), they should be embedded in the atomic layers

of the substrate. Based on this, the depths of location presented in the distributions

are attributed to the layers of Cu(001).

The distributions of Co in Cu(001) reveal two main features. (1) The deposited Co

atoms are embedded in the second up to the sixth atomic layers with almost no Co

embedded in the first layer. (2) The largest number of Co atoms is in the third layer.

The first feature is in a good agreement with conclusion presented in the previous

chapter that shows the efficient incorporation of Co in Cu(001) takes place in the

region of ∼ 1 nm deep upon a deposition at 650 K. The second feature is a point

for a deeper discussion. Simply assuming the energy barrier for the diffusion in the

near-surface layers monotonically increases towards the bulk value, one should expect

the maximum of the distribution to lie at the first layer. The actual position of the

distribution maximum implies that the depth-dependency of the energy barrier for

diffusion is more complicated. To elucidate this depth-dependency, the profile of the

distribution is analyzed further where the factors which determine the distribution

profile are considered.

4.3.3 Factors that determine Co distribution in Cu(001)

The distribution of Co in Cu(001) layers is determined by the rate of migration of Co

atoms into those layers. The rate is dependent on the energy barriers of the interlayer

migration via different mechanisms as well as the energetics of Co in Cu(001). The
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Figure 4.4: The illustration of the diffusion via the vacancy mechanism. The Co atom is
represented by the blue sphere while the Cu atoms by the orange ones. (a) A Co atom jumps
into a vacancy. (b) A simultaneous shift of two neighboring atoms (a Co-Cu dimer) due to a
vacancy jump.

migration of Co atoms from one into another layer can take place via the vacancy

as well as the cyclic-exchange mechanisms [207]. These mechanisms have different

activation energy thus contributing differently to the overall migration rate. Moreover,

the energy due to Co embedding in one layer of Cu(001) can be different from it in

the other layers. Such difference of energy can result in the imbalances of the energy

barriers for the interlayer migration.

Co migration via the vacancy mechanism occurs when one atom [Fig. 4.4 (a)] or

several neighboring atoms [Fig. 4.4 (b)] shift their positions due to the jump of a

vacancy. The probability that a Co atom migrates via this mechanism is determined

by the chance for a vacancy to meet the shifting atom(s) for the atomic shifting to

take place, which depends on the concentration and the mobility of vacancies. These

are determined by the vacancy formation energy EF and the migration energy EM, of

which sum defines the activation energy of vacancy diffusion Evac,

Evac = EM + EF. (4.3)

The vacancy concentration n can be estimated using the relation

n ∼ exp

(
−E

F

kT

)
. (4.4)

In the bulk region, the reported vacancy formation energy ranges from 1.17± 0.11 eV

to 1.30±0.05 eV [208–211]. This means the vacancy concentration in the deep bulk is

very low, being less than 10−9. In the first few subsurface layers, the vacancy formation

energy can differ from the bulk value by ≤ 0.126 eV [70]. Applying the values that

are reported in Ref. [70] into Eq. (4.4) gives the estimated vacancy concentration of
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Figure 4.5: The illustration of the migration of a Co atom via the exchange mechanism. The
Co atom is represented by the blue spheres while Cu by the orange ones. (a) The exchange
between a Co and a Cu atom. (b) The cyclic exchange that involves three atoms. Described
by the picture is the cyclic exchange of a Co-Cu-Cu trimer in (111) plane.

the same order as the concentration in the bulk. On the other hand, vacancies are

very mobile in Cu at the actual experimental temperature. The reported migration

energy in the bulk region is in the range between 0.76 ± 0.04 eV and 0.91 ± 0.05 eV

[208–211]. Near the surface, the vacancy migration energy differs from the bulk value

by ≤ 0.05 eV [70]. Implementing these values of migration energy into Eq. (4.1) yields

the estimated vacancy jump rate as high as in the order of 107 s−1.

The migration via the cyclic-exchange occurs when two [Fig. 4.5(a)] or more [Fig.

4.5(b)] atoms exchange positions in a cyclic manner. The migration with this mech-

anism involves local elastic distortions of the substrate lattice, thus requires higher

energies compared to the activation energy of the vacancy-assisted migration [207,

212]. The elastic distortion energy decreases as the number of atoms that are involved

in the exchange process increases. However, increasing the number of the involved

atoms requires higher correlation of the motion of the atoms, causing it very unlikely

for an exchange that incorporates more than 3 or 4 atoms to take place [207]. In the

bulk region, the cyclic-exchange process involves the local elastic deformation of the

bulk lattice, causing the energy barrier for this process to be much higher than it is for

the vacancy mechanism. In the near surface region, the distortion involves less lattice

points compared to it in the bulk process. This may lead to an energy barrier which

is lower than the bulk value.

The energetics of the Co-Cu(001) system favors Co to be located below the first layer

rather than on the surface or in the first layer [72, 76]. A detail theoretical work by

Levanov et al. shows that the locations of a single Co atom in the first two atomic

layers of Cu(001) provide higher energies than the locations in the deeper layers [72].

In that work they show that the difference of energy due to the embedding in the first

and second layer is larger than it is due to the embedding in the second and deeper

layers. These energy differences affect the height of energy barriers for the diffusion

towards the bulk region and towards the surface. As a result is the imbalances in the
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migration from the second (third) layer into the first (second) layer and in the other

way around. To determine the actual imbalances, the energy barriers for the interlayer

migration need to be calculated. The calculation is presented in the next section.

4.4 Modeling

To understand the origin of the features shown in the experimental plot, the embed-

ding of Co atoms into the layers of Cu(001) is modeled. In the proposed model, the

interlayer migration of Co atoms is described based on the discussion in Subsection

4.3.3. The migration of Co atoms is approximated as the migration of single Co atoms

that do not interact with each other because of the low concentration of Co atoms in

the substrate in the actual experiment. The energy barriers for the interlayer migra-

tion are determined theoretically. The calculated energy barriers are used to calculate

the rate of embedding of Co atoms into the layers of Cu(001) and the distribution of

Co atoms in those layers upon the deposition at 650 K.

4.4.1 Description of the model

The embedding of Co atoms into the Cu substrate starts with the incorporation of the

deposited atoms into the first layer. Taking into account the energy barrier for the

embedding of a Co atom into the first layer of Cu(001), which is up to ∼ 1 eV [67,

204], this process takes only < 10 µs after a Co atom arrives on the 650-K Cu(001) as

already mentioned in Subsection 4.3.1. This time is extremely short compared to the

time scale of the experiment. Thus, the embedding into the first layer is assumed to

happen immediately once a Co atom lands on the hot surface.

The Co atoms in the first layer can actually go back to be located on the surface again.

This process requires an energy which is higher by ∼ 0.5 eV compared to the energy

barrier for the embedding into the first layer due to the different energy provided

by the locations on the surface and in the first layer [72]. As the result, the rate of

Co back-migration from the first layer to the location on the surface is only ∼ 10−4

times the rate of the embedding into the first layer. This Co back-migration is thus

neglected.

The Co atoms that are embedded in the substrate undergo interlayer migration via

the vacancy and the cyclic-exchange mechanisms. The migration via the vacancy

mechanism takes place when a Co atom jumps into a neighboring vacancy or when

a Co-Cu dimer moves due to a vacancy jump (see Fig. 4.4). The energy to form a

vacancy in the jth layer of Cu(001) is EF
j . The interaction between a vacancy and
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Table 4.1: Parameters of atomic potentials [214].

Parameter Cu-Cu Co-Co Co-Cu
A1 (eV) 0.0 0.0 -1.5520
A0 (eV) 0.0854 0.1209 -0.0372

ξ 1.2243 1.5789 0.8522
p 10.939 11.3914 7.6226
q 2.2799 2.3496 5.5177

r0 (Å) 2.5563 2.4953 2.4995

Co can lead to a different formation energy of a vacancy when Co is nearby. The

formation energy of a vacancy in the jth layer with the presence of a Co atom next

to it in the i = j ± 1-th layer is EF
j + ∆i,j . The energy barrier for the jump of a Co

atom in the ith layer into an adjacent vacancy in the j = i ± 1-th layer is ECo,vac
i→j .

The energy barrier for the migration via the shift of a Co-Cu dimer due to a vacancy

jump is Edim,vac
i→j .

The interlayer migration via the cyclic-exchange mechanism is assumed to involve not

more than three atoms. The exchange that involves only a Co atom in the ith layer

and a Cu atom in the j = i±1-th layer has an energy barrier of ECo,Cu
i→j . The exchange

involving three atoms is described as a cyclic exchange of a Co-Cu-Cu trimer in the

(111) plane as illustrated in Fig. 4.5(b). The energy barrier for the migration of a Co

atom in the ith layer into the j = i± 1-th layer via this process is Etrim
i→j .

Using the model described above, the rate of Co migration and the distribution of Co

in different layers can be determined provided the energy parameters are known. A

theoretical work to determine those parameters is presented in the next two subsec-

tions.

4.4.2 Calculation methods

To determine the values of the parameters that are considered in the model, the

characteristic energies of the Co-Cu(001) system as well as the energy barriers for the

Co migration are calculated. The calculation of these energies was performed in M.

V. Lemonosov Moscow State University by S. V. Kolesnikov, A. M. Saletsky, and A.

L. Klavsyuk. The characteristic energies of the Co-Cu(001) system were calculated

using the molecular statics simulation. The energy barriers were calculated using the

nudged elastic band (NEB) method [213].

In the calculations, the interaction between atoms is described by the interatomic po-
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tentials that are formulated in the second moment of the tight-binding approximation

[72, 215]. The attractive term (the band energy), EiB, contains the many body inter-

action. The repulsive term EiR is described by pair interactions (Born-Mayer form).

The cohesive energy EC is the sum of the attractive and the repulsive terms, i.e,

EC =
∑
i

(
EiR + EiB

)
, (4.5)

EiB = −

∑
j

ξ2αβ exp

[
−2qαβ

(
rij

rαβ0
− 1

)]
1/2

, (4.6)

EiR =
∑
j

[
A1
αβ

(
rij

rαβ0
−1

)
+A0

αβ

]
exp

[
−pαβ

(
rij

rαβ0
− 1

)]
. (4.7)

Here, rij is the distance between the atoms i and j, α and β describe the type of

atoms, ξαβ is an effective hopping integral, pαβ and qαβ are parameters describing the

decay of the interaction strength with the distance between atoms, while rαβ0 , A0
αβ ,

and A1
αβ are adjustable parameters of the interatomic interactions. The values of the

parameters of the potentials that are used in the calculations are presented in Table

4.1. The fitting procedure is described in Ref. [72]. The reliability of the potentials for

the case of Co atoms embedded in Cu(001) has been demonstrated in previous works

[216–218].

The system of Co embedded in Cu(001) is simulated by a slab of atoms containing

Co and Cu. The slab is twelve atomic layers thick with each layer consists of 4000

atoms. The position of the atoms is determined in a fully relaxed geometry with

the two bottom layers fixed. Periodic boundary conditions are applied in the two

lateral directions to simulate the Cu(001) substrate. For the investigation of the bulk

properties, the periodic boundary conditions are applied in the three dimensions with

no atoms fixed. In the calculations, the cutoff radius for the interatomic potentials is

set to be 6.0 Å.

4.4.3 The energy barriers

Table 4.2 presents the calculated energy barriers for the exchange between a Co atom

and a neighboring vacancy ECo,vac
i→j , the shift of a Co-Cu dimer due to a vacancy jump

Edim,vac
i→j , the exchange of a Co and a Cu atoms ECo,Cu

i→j , and the cyclic exchange of a

Co-Cu-Cu trimer Etrim
i→j . The calculation results show that the energy barriers for Co

migration into the deeper layers increase towards the bulk values. The bulk values
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Table 4.2: The calculated energy barriers of the interlayer migration via an exchange be-
tween a Co atom and a vacancy (ECo,vac

i→j ), the shift of a Co-Cu dimer due to the jump of a

vacancy (Edim,vac
i→j ), the cyclic exchange of a Co atom and a Cu atom (ECo, Cu

i→j ), as well as

the cyclic exchange of a Co-Cu-Cu trimer (Etrim
i→j ). The energies are presented in eV.

down up

i→ j ECo,vac
i→j Edim,vac

i→j ECo, Cu
i→j Etrim

i→j i→ j ECo,vac
i→j Edim,vac

i→j ECo, Cu
i→j Etrim

i→j
1→2 0.105 0.672 2.857 2.059 2→1 1.303 1.726 3.308 2.510
2→3 0.891 0.851 4.933 2.913 3→2 0.909 1.759 4.987 2.967
3→4 0.968 5.128 3.765 4→3 0.965 5.135 3.772
4→5 0.978 5.179 4.821 5→4 0.978 5.179 4.821
bulk 0.981 5.188 4.827 bulk 0.981 5.188 4.827

are achieved for the migration into the sixth and deeper layers. Besides that, the

imbalances between the energy barriers for the migration in the direction towards the

surface and the migration in the other way around are also revealed. In the first three

atomic layers, the energy barriers for Co migration towards the surface are higher by

0.018 eV up to 1.198 eV compared to those for the migration towards the bulk. Such

imbalances are due to the different energies provided by the locations of a single Co

atom as well as a single vacancy in the layers of Cu(001). The calculations reveal that

the energy due to the embedding of a Co atom in the first layer is higher by 0.451 eV

compared to it due to the embedding in the second layer, while Co embedding in the

second layer leads to an energy being 0.054 eV higher than in the third layer. The

calculated energy of the system of Cu(001) with a vacancy in the second layer is higher

by 0.763 eV and 0.036 eV compared to those where a vacancy is located in the first

and third layers, respectively. The energy of the system with a vacancy in the third

layer is found to be higher by 0.011 eV than it is for a vacancy located in the fourth

layer. These are in good qualitative agreement with the results reported in Refs. [70,

72].

The presented calculation results suggest that the cyclic-exchange mechanism is not

dominant in the interlayer migration of Co. The energy barriers for migration via

the the cyclic-exchange mechanism are much higher than the barriers for the vacancy-

assisted Co shifts. Moreover, the energy for the cyclic-exchange mechanism are con-

siderably higher than the experimental value of activation energy of Co diffusion in

Cu Eb = 2.22 eV except for the migration from the first into the second layer.

Co migration via the vacancy mechanism is mainly due to the exchange between a Co

atom and a neighboring vacancy. The shift of a Co-Cu dimer due to a vacancy jump in

general requires considerably higher energies compared to the Co-vacancy exchange.

Considerably low energy barriers for the Co-Cu dimer shift are found only for the case
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Table 4.3: The calculated formation energy of vacancies in the layers of Cu(001) (EF
j ),

the energy due to the interaction of a Co atom in the ith layer and a vacancy in the jth
layer (∆i,j), the total energy barrier for Co migration due to the exchange with a vacancy
(ECo,vac

A i→j), and due to the shift of a Co-Cu dimer (Edim,vac
A i→j ). The energies are in presented

eV.

down up

i→ j EF
j ∆i,j ECo,vac

A i→j Edim,vac
A i→j i→ j EF

j ∆i,j ECo,vac
A i→j Edim,vac

A i→j
1→2 1.312 0.104 1.521 1.948 2→1 0.549 0.121 1.973 2.396
2→3 1.276 0.129 2.296 2.256 3→2 1.312 0.130 2.351 2.308
3→4 1.265 0.131 2.364 4→3 1.276 0.130 2.371
4→5 1.264 0.131 2.373 5→4 1.265 0.131 2.374
bulk 1.264 0.131 2.376 bulk 1.264 0.131 2.376

where a vacancy jumps from the third into the first layer. Such shifts lead to the

migration of Co into the second and the third layers. The vacancy-assisted migration

into the deeper layers is due to the Co-vacancy exchanges.

To inspect the role of the vacancy mechanism in Co migration in Cu, the total energy

barriers for the migration processes that involve the vacancy jump are determined.

For this, the formation energy of a vacancy in different layers of Cu(001) is calculated.

Two cases are considered. The first case is the vacancy is formed in Cu(001) without

the presence of Co. The second one is when a vacancy is formed adjacent to a Co atom

in the neighboring layer. The difference of the formation energies that are obtained

in these two cases gives the energy difference ∆i,j that accommodates the interaction

between a Co atom and a vacancy as described in Subsection 4.4.1.

The calculated formation energy of the vacancies, the energy due to Co-vacancy in-

teraction, and the energy barriers for Co vacancy-assisted migration are presented in

Table 4.3. The calculation results show that the formation energy of a subsurface va-

cancy decreases towards the bulk value. The bulk value is achieved for a vacancy that

is located in the fifth and deeper layers. The energy due to the Co-vacancy interaction

shows significant differences from the bulk value when the Co atom and the vacancy

are located in the first two layers.

The total barriers for the vacancy-assisted Co interlayer migration are calculated by

summing up the vacancy formation energy, the energy due to the Co-vacancy interac-

tion, and the energy for the shift of a Co atom or a Co-Cu dimer due to the vacancy

jump. The calculated total energy barriers for the migration via the vacancy mech-

anism are considerably lower than those for the migration via the cyclic-exchange

mechanism. This confirms that the vacancy mechanism is the dominant mechanism

in the Co interlayer migration in Cu(001). The bulk value of the total barrier for
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Figure 4.6: The distributions of Co atoms in Cu(100) at 650 K for different time durations
as calculated using Eq. (4.14). The black-filled squares, the red-filled circles, and the blue-
filled triangles correspond to the time durations of 30 seconds, 10 minutes, and 55 minutes,
respectively. The straight lines are guides to the eyes. Inset: The calculated concentration of
Co atoms in the second (the violet curve) and third (the magenta curve) layers for the first 60
seconds. During this period, the amount of Co in the other layers is negligible. The gray area
indicates the time during the deposition. The arrow shows the time when the concentration
in the third layers equals to the concentration in the second layer.

the exchange between a Co atom and a vacancy ECo,vac
A, bulk = 2.376 eV is closer to the

experimental value of the activation energy of Co diffusion in bulk Cu Eb = 2.22 eV

than the other calculated bulk values of the energy barriers for the migration. There-

fore, it is concluded that the Co-vacancy exchange is the main mechanism in the bulk

atomic-diffusion of Co in Cu.

4.4.4 Calculation of Co distribution in Cu(001) layers

The distribution of Co in the Cu(001) layers was determined by calculating the rate

of migration of Co atoms into each layer of Cu(001). The values of energy parameters

that are presented in the previous subsection are implemented. The description of the

calculation of the rate of Co migration is given in the following paragraphs.

Since the embedding of Co into the first layer is assumed to take place immediately

upon the landing of the deposited atoms on the hot Cu(001), the rate of embedding of

Co atoms from the surface into the first layer equals the deposition rate F . The rate

of the migration of Co atoms from the ith layer into the j = i± 1-th layer, νi,j , is the



4.4. Modeling 75

sum of the rates of migration via different mechanisms

νi,j = δj,i±1

(
νCo,vac
i,j + νdim,vac

i,j + νtrimi,j

)
, (4.8)

where δi,k is the Kroenecker’s delta, νCo,vac
i,j , νdim,vac

i,j and νtrimi,j are the rates of migration

via Co-vacancy exchange, Co-Cu dimer shift, and Co-Cu-Cu trimer cyclic exchange,

respectively. The rate of the migration via the direct Co-Cu exchange is neglected

due to the high activation energy. For similar reason, the rate of migration via the

Co-Cu dimer shift νdim,vac
i,j is neglected for the case of max{i, j} > 3 and the rate of

migration via the trimer cyclic exchange νtrimi,j is neglected when max{i, j} > 2. The

rates νCo,vac
i,j , νdim,vac

i,j and νtrimi,j are calculated as follows

νCo,vac
i,j = 4ν0n

vac
j exp

(
−
ECo,vac
i→j + ∆i,j

kT

)
, (4.9)

νdim,vac
i,j = 4νdim0 nvac2−i+j exp

(
−
Edim,vac
i→j + δi,2∆i,j

kT

)
, i and j ≤ 3, (4.10)

νtrimi,j = 4νtrim0 exp

(
−
Etrim
i→j

kT

)
, i and j ≤ 2, (4.11)

where the quantities ν0 = 12.7 THz and νdim0 = 277.5 THz are prefactors for the

diffusion of Co adatoms and Co-Co dimers calculated in the framework of the classical

transition state theory [219]. The values that are used in the calculation are typical

for jumps and exchanges of atoms on Cu(001) surface [220]. The value of νtrim0 is

assumed to be equal to νdim0 . The factor nvacj is the vacancy concentration in the jth

layer. It is determined using the formula

nvacj = exp

(
−
GF
j

kT

)
, (4.12)

where

GF
j ≈ EF

j − TSF
j . (4.13)

Here, GF
j and SF

j are the Gibbs free energy and the entropy for the formation of

a vacancy in the jth layer, respectively. The Gibbs formation energy of vacancy

formation is determined as follows.∗

The Gibbs free energy for the formation of a vacancy in the bulk region GF
bulk is

determined by considering the difference between the calculated bulk value of the

∗The determination of the Gibbs formation energy was performed in M. V. Lemonosov Moscow
State University by S. V. Kolesnikov, A. M. Saletsky, and A. L. Klavsyuk .
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total energy barrier for the Co-vacancy exchange ECo,vac
A, bulk = 2.376 eV and experimental

value of the activation energy of Co bulk diffusion in Cu Eb = 2.22 eV, which is equal

to 0.156 eV. This value is close to the value of TSF
bulk at 650 K, 0.148 eV, which is

obtained by implementing the experimental value [211]. Thus, this difference between

ECo,vac
A, bulk and Eb is attributed to TSF

bulk. The value of GF
bulk is obtained by subtracting

TSF
bulk = 0.156 eV from the calculated EF

bulk, giving GF
bulk = 1.108 eV. The Gibbs free

energy of vacancy formation in the jth layer is determined by assuming SF
j = SF

bulk,

which gives GF
j = EF

j − (ECo,vac
A, bulk − Eb).

The rate of migration of Co atoms into the layers of Cu(001) is given by the following

system of differential equations

dn1
dt

= F − ν1,2n1 + ν2,1n2,

dni
dt

= νi−1,ini-1 + νi+1,ini+1 − (νi,i−1 + νi,i+1)ni, i > 1,

(4.14)

where ni is the Co concentration in the ith layer of Cu(001). In the calculation, the

interlayer migration in the first ten layers is considered. The deposition rate F is

0.2 ML min−1 for 0 ≤ t ≤ 30 s and 0 for t > 30 s. The set of equations above are

solved for T = 650 K, giving the distributions of Co in Cu(001) at the time when the

deposition stops (t = 30 s, black-filled squares), at t = 10 minutes (red-filled circles),

and at t = 55 minutes (blue-filled triangles) as presented in Fig. 4.6.

4.5 Discussion

The presented model provides the explanation for the features that are revealed by

the experimental plots in Fig. 4.3. The calculated distributions presented in Fig. 4.6

reveal almost no Co atoms are embedded in the first layer, confirming the experimental

observation. The low energy barriers for the migration into the subsurface layers

provide a significant Co migration from the first layer into the subsurface layers at 650

K. The considerable imbalances between the energy barriers for the migration from

and into the first layer causes the rate of migration back into the first layer much lower

than the migration into the layers below it.

According to the calculation, the maximum of the distribution at the third layer, which

is revealed by the experimental plot, is not achieved directly upon the deposition. As

shown by the black-filled squares in Fig. 4.6, Co atoms are initially accumulated

mainly in the second and third layers with the larger amount of them in the second

layer. After the deposition stops, Co diffuses into the deeper layers where the rate of

migration of Co atoms from the second layer into the third layer is higher than the



4.5. Discussion 77

migration the other way around due to the imbalances of interlayer migration energy

barriers. As a result, the maximum of Co distribution shifts from the second into

the third layer as shown by the distribution presented by the red-filled circles in Fig.

4.6. The calculation predicts that at 650 K the shift of the distribution maximum

takes place within less than 3 seconds after the deposition stops (see the inset in Fig.

4.6). Considering the experimental condition, the calculation result suggests that the

distribution maximum at the third layer was obtained during the cooling down process

when the temperature of the sample was still considerably high.

The calculated distribution presented by the blue-filled triangles in Fig. 4.6 reproduces

the features and the profile of the experimental plot. This approves that the proposed

model is able to capture the essential physical mechanism of the Co near-surface

diffusion in Cu(001). Minor discrepancies between experimental and the calculated

distribution plots can be found, especially regarding the time scale. In the calculation,

the distribution presented by the blue-filled triangles is achieved around 50 minutes

after the deposition stops provided the sample temperature is kept at 650 K, whereas

such a time is somewhat shorter in the experiment. Nevertheless, the difference in the

time scale is actually insignificant as explained in the following.

The difference between the time scale in the calculation and in the experiment is at-

tributed mainly to the inaccuracies of the calculated energy barriers. Besides that,

simplification of the assumptions that are applied in the calculation of the distribu-

tion can also have some consequences in the time scales. Due to the exponential

dependency of the atomic jump rates on the energy barriers, slight deviations of the

calculated energy barriers from the actual values can induce some discrepancy be-

tween the time scale in the calculation and the experiment. For the diffusion via the

vacancy mechanism, which has been concluded as the main mechanism of Co in Cu

(see Subsection 4.4.3), the inaccuracies of the energy barriers calculated in this study

can be estimated from the variation of the reported vacancy formation and migration

energy. From the variation of the values presented in Refs. [70, 208, 210–212, 221], the

calculated energy barriers presented here also could be slightly inaccurate by several

percent. Such small inaccuracies might have induced an overestimated calculated time

by one or two orders of difference to achieve the profile presented by the blue-filled

triangles in Fig. 4.6. Based on this, the disagreement between the calculation and the

experimental time scales is only a matter of small inaccuracies in the calculated energy

barriers. Other factors contributing to the time scale difference are the assumptions

that are applied in the calculation of the vacancy concentration. In the calculation

using Eq. (4.12), the entropy of the vacancy formation has been assumed to be equal

to the bulk value for all layers while some deviations can be expected for the first few
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layers. In addition to this, the use of Eq. (4.12) to calculate the vacancy concentration

assumes the sample to be in thermal equilibrium. In the actual experiment, a small

temperature deviation in the sample that is beyond the accuracy of the measurement

could take place during the deposition. During the cooling down, the sample is actu-

ally in a quasithermal equilibrium considering the long cooling down time. Regarding

the nonlinear relation between the vacancy concentration, temperature, and the en-

tropy for vacancy formation [222], the deviation from the thermal equilibrium and

the variation of the entropy for vacancy formation in the first few atomic layers could

induce a difference between the calculated rate of interlayer migration from the actual

one. Thus an exact quantitative agreement regarding the time scale is related to the

used approximation, which is not an important aspect of this study. The fact that the

features and the profile of the experimental plots are well reproduced by the presented

calculation result is sufficient to validate the model.

4.6 Summary and conclusions

The study on the diffusion of single Co atoms in the near-surface region of Cu(001) has

been presented. This near-surface diffusion provides the embedding of single Co atoms

in the first few atomic layers of Cu(001) upon a deposition at 650 K. The distribution

of the depth of location of single Co atoms in Cu(001) has been analyzed to study the

details of the embedding process with the depth of location being determined using

STM. The distribution reveals the largest amount of Co atoms in the third layer while

only a negligible amount of Co atoms is in the first layer. All of these put in evidence

that the value of diffusion parameters is depth dependent. A theoretical work has

been performed to provide the explanation for the experimental results. A model that

describes the embedding process of Co atoms into Cu(001) layers is proposed. The

energy barriers for the diffusion of single Co atoms into the atomic layers of Cu(001)

were calculated. It is found that the energy barriers for the diffusion into the first five

atomic layers are lower than those in the deep region where the bulk values apply.

As an additional value of this presented work, STM has been used to determine the

depth of location of buried impurity atoms where the resolution of one atomic layer

is obtained. This demonstrates that STM can be a powerful technique for subsurface

studies which require depth determination with very high resolution.
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Cleaved thin-film probes for scanning

tunneling microscopy

This chapter introduces an alternative type of probe for scanning tunneling microscopy

(STM). Instead of using a needle-like tip made from a piece of metallic wire, a sharp-

edged cleaved insulating substrate, initially covered by a thin conductive film, is used.

The sharp tip forms at the intersection of the two cleaved sides. With this approach a

variety of materials for STM probes can be used, and functionalization of STM probes

is possible. The working principle of different probes made of metallic (Pt, Co, and

CoB), indium-tin oxide, as well as Cu/Pt and Co/Pt multilayer films are demonstrated

by STM imaging of clean Cu(001) and Cu(111) as well as the epitaxial Co clusters on

Cu(111).

5.1 Introduction

Since its invention, scanning tunneling microscopy (STM) has become a standard

technique to study surfaces. The main element of a scanning tunneling microscope is a

sharp conductive probe, which is usually a needle-like tip made of an electrochemically

etched W wire or a mechanically cut PtIr wire [223–227]. For specific studies, e.g.,

STM studies that require the use of superconducting tips, or spin-polarized STM

studies, different materials are used for probe fabrication [228–232]. Those probes

can be obtained by similar etching of wire from appropriate materials [228, 231–241].

Alternatively, deposition on the conventional needle-like W tip is used to a sharp

tip coated by the desired material [229, 241, 242]. Although simple, these approaches

have some drawbacks. Many materials that would be useful for STM probes cannot be
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Figure 5.1: Comparison of the STM operation using a conventional needle-like probe (left)
and a probe from a thin film (right). The yellow color indicates the conductive part of the
probes. The semi-transparent blue color on the right corresponds to the substrate of the
cleaved tip.

obtained as wire or cannot be etched to form the desirable tip shape. When a material

is deposited on the needle-like tip, the properties of the deposited layer at the very

end of the tip are, in many cases, uncertain. Therefore, probes with needle-like shape

are not always optimal.

In this chapter, an alternative type of STM probe is introduced. Instead of using a

bulk conductive material, a thin conductive film that covers the surface of a cleavable

flat substrate is used as the probe. To obtain the STM tip, the coated substrate

is cleaved with a simple procedure which is introduced later. The STM operation

using such probes is illustrated by Fig. 5.1. The implementation of flat thin films as

the probe provides several advantages. The film in principle can be made from any

conductive material or even a multilayer structure. Thus, a vast variety of materials

for the STM probes can be used and the structure of a multilayer can be engineered to

benefit from its specific properties. Moreover, micro-/nano- structures on the coting

films can be created, enabling functionalization of the probes. In addition to these

advantages is the simplicity of the preparation of this type of probes. The preparation

of the film can be done in or ex situ of a conventional vacuum setup. All of these are

discussed further later in this chapter.

This chapter is organized as follows. The next section describes preparation of the

probes and samples. Section 5.3 presents the proof of working principle of the cleaved

thin-film probes. Some possible applications of this kind of probes in experiments are

discussed in Section 5.4. Section 5.5 summarizes this chapter.
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5.2 Experiment

STM probes made of thin film of several materials were fabricated in this work. The

fabrication process includes two main steps: the coating of the cleavable substrate by

conductive film and the cleaving of it. The coating by the conductive film, in principle,

can be done using any standard deposition technique on any suitable planar substrate.

In this particular work, metallic (Pt, Co, and CoB) and indium-tin oxide (ITO) films

on glass were prepared. ITO was chosen to explore the use of transparent tips in

STM. This material is widely used as transparent electrode in display technology, light-

emitting diodes, and many optoelectronic devices. The metallic films were created by

sputter-depositing 50-100 nm thick Pt, Co, or CoB on a thin (120 µm) glass plates.

The thickness of the metallic films was optimized for reliable STM operation. Prior to

the deposition, a 2 nm thick seed layer of Ta was deposited to provide smooth growth

and good adhesion. For the ITO film, the commercially available ITO on glass was

used.

After the coating, the coated substrates were cleaved using a simple procedure that

adapts the technique of preparing STM probes from semiconductor slabs [125, 128].

First, a cleaved side was formed, which was done by making a small initial scratch on

the substrate [Fig. 5.2 (a)], followed by applying a force on it [Fig. 5.2 (b)]. Second,

another cleaved side was formed in a similar way by another short initial scratch at

the opposite edge of the substrate [Fig. 5.2 (c)]. A sharp tip forms at the intersection

of the two cleaved sides outside the initial scratches. Lastly, the remaining part of the

plate was cut to shorten the STM tip, to make it fit the tip holder [Fig. 5.2 (d)]. The

holder provides an approximately 45◦ angle between the probe and the sample surface

[Fig. 5.2 (e)]. This angle was optimized for STM operation. The resulting probes were

inspected using scanning electron microscopy (SEM)∗. Typical side and top views of

the tips are shown in Fig. 5.3 (a) and (b), respectively. The local curvature of the

tips is typically less than 10 nm.

Since STM imaging was performed in a UHV system (Section 2.3), additional tip

cleaning and processing in vacuum were required. The tips were degassed by heating

in vacuum. Low-dose sputtering was also done to remove several atomic layers that

contain native oxides.

In this work, STM scans using probes from metallic multilayer were also demonstrated.

Probes from Cu/Pt and Co/Pt multilayer films were chosen as the prototype. To form

such probes, extra depositions of a few atomic layers of Cu or Co on the cleaved probes

from Pt films were done. The deposition was done in situ using e-beam evaporation

∗SEM images are provided by Dr. Beatriz Barcones Campo.
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Figure 5.2: Photographs (left) and schematics (right) for each fabrication step. (a) A
substrate (glass) which is coated by a conductive (Pt) film. The first initial scratch is made
on it. (b) The first cleaved side is formed. The second initial scratch is introduced. (c)
The second cleaved side is formed. The tip is formed at the intersection of the two cleaved
sides. (d) The remaining part of the substrate is removed. The part in the circle is the
resulting STM probe. (e) The probe is mounted on the holder with an inclination angle of
approximately 45◦ relative to the sample surface.
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Figure 5.3: SEM images of the tip from a Pt film on glass. (a) The side view. The dashed
line indicates the position of the sample surface relative to the probe tip. (b) The top view.

technique from calibrated Cu (∼ 1 ML/min) and Co (∼0.2 ML/min) sources. In

addition to forming the multilayer films, this extra deposition also allows the reusing

of the tips which have been damaged after accidental tip crash or over-sputtering.

Generally such damaged tips cannot be used anymore because of the loss of conductive

material at the very end of the tip. But adding a few extra atomic layers of conductive

material as mentioned above actually repairs the tips.

To prove the working principle of the cleaved thin film probes, the fabricated probes

were used to scan surfaces and structures with well-known features. Clean Cu(001)

and Cu(111) surfaces as well as Co nanostructures on Cu(111) were chosen for STM

imaging. Prior to any measurements and treatments, the single crystalline Cu(001)

and Cu(111) samples were cleaned using a sputter-anneal procedure (Subsection 2.2.1).

Submonolayer Co was deposited in situ on the Cu(111) at the room temperature. The

typical result of this growth is reported elsewhere [243–245]. The measurements were

carried out at liquid nitrogen temperature with a base pressure < 10−10 mbar. The

imaging was performed at constant-current mode.

5.3 Results and discussion

To prove the reliability of the probes for STM measurements, their stability and sharp-

ness were specifically addressed, which can be determined via careful analysis on the

resulting STM images. Several probes from each film were used in the STM opera-

tions. Each probe was used to scan more than three areas that are separate by several

millimeters. A stable tunneling current was always achieved. STM imaging was al-

ways performed for more than 4 hours. The quality of the resulting images did not

change during the measurement time.

The probes from metallic film were used to scan the clean Cu(001) surface. The typical
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Figure 5.4: Morphology of a Cu(001) surface obtained by STM imaging using a Pt probe.
(a) The large scale image, 400× 400 nm2 (V = 0.4 V, It = 1 nA). Inset: The surface profile
along the cross section shown in (a). (b) An atomically resolved image of the surface on a
flat terrace, 4× 4 nm2 (V = 0.013 V, It = 62 nA). The white circle locates a square pattern
on the surface.

results are shown by Fig. 5.4. Figure 5.4 (a) shows several atomically flat terraces

of ∼100 nm wide with sharp step edges. The height difference between two adjacent

terraces is ∼ 0.18 nm, corresponding to the interlayer spacing in the Cu(001). The

resulting STM images do not show any sudden changes in height on the flat terraces.

Such sudden changes in height may be attributed to the change in probe tip. Thus,

the absence of sudden changes of height in the images leads to a conclusion that the

probes are stable.

The sharpness of the probes at the mesoscopic and atomic scales were also inspected.

At the mesoscopic scale it is done by analyzing the atomic step edges or the edges at

the nanostructures on the surface. Since the STM images show very sharp step edges,

it is concluded that the tips are mesoscopically sharp. Measurement results obtained

using a blunt tip would have shown a gradual change in the height across the steps.

The sharpness at the atomic scale is confirmed by the atomically resolved features.

Figure 5.4(b) shows an STM image with the atomic resolution. The image also shows

a square pattern with small apparent depressions of the atoms at the corners. At the

center of the square, an atom with a slight apparent protrusion is seen. These features

could be due to the electronic effect induced by an impurity atom that is embedded

in or below the surface [120].

It is important to note that the results presented in Fig. 5.4 are also typical for

measurements using Cu/Pt and Co/Pt multilayer probes (not explicitly shown here).
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Figure 5.5: (a) An STM image, 3 × 3 nm2, of a clean Cu(111) surface (V = 0.02 V, It =
1.5 nA). (b) The topographic map, 100 × 100 nm2, of the Cu(111) surface after a room
temperature deposition of 0.6 ML Co (V = −1 V, It = 6 pA). Inset: The surface profile
along the cross section shown in (b). The images are obtained with ITO-film probes.

This confirms that the cleaved thin-film probes are suitable for artificial structures

embedded in them. Further discussion of functionalizing multilayer structures, and

the micro- or nano- structure in general, in STM experiments is given later in this

chapter.

The probes from ITO were used to scan the Cu(111) surface. Figure 5.5 shows the

typical measurement results. Figure 5.5(a) presents an atomically resolved image of

the clean Cu(111) surface, confirming that the probes are atomically sharp. Figure

5.5(b) shows the morphology of the surface after the Co deposition. Co islands of

bilayer height with triangular and star-like shapes on a flat terrace are seen, which

is in good agreement with previous reports about Co growth on Cu(111) [243–245].

The islands are bounded by a rim area of around 1.5 nm wide. This rim shows an

increased apparent height, which is similar to the observation reported in Ref. [245].

The appearance of this rim in the STM images is attributed to the electronic states

close to the edge of the nanoislands, which are different from those in the interior. By

doing a careful analysis on the image, as done above, the stability and the sharpness

of the probes are confirmed.

To the best of the author’s knowledge, ITO was never reported to be used as a probe

material prior to this work. STM probes from ITO may be attractive for some studies,

since its transparency can be used to enhance the light collection efficiency in scan-

ning tunneling luminescence (STL) experiments [246]. The point contact experiment

between ITO and molecular materials can be realized using an STM setup. For op-
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Figure 5.6: (a) Illustration of a cleaved thin-film probe with a photonic crystal waveguide
and a photon detector incorporated in the layer. The semi-transparent red arrow shows the
propagation direction of the light along the waveguide. (b) The schematic of the BEEM-like
configuration. Part of the tunneling electrons (detected as Itunnel) with high enough energy
can penetrate into the subststrate and be detected as Ihot.

erations in air, in particular, probes from ITO films are easier to prepare than those

made of metals since ITO resists oxidation. However, it should be taken into account

that the electronic band structure of ITO has a wide energy gap around the Fermi

level [247, 248], which could hamper a convenient measurement at a low bias voltage.

5.4 Outlook

As discussed, the type of STM probes introduced here opens up possibilities to use

various materials for the STM probes as well as to functionalize micro- and nano-

structures in STM experiments. Besides that, it also provides flexibility in choosing

the substrate.

Functionalizaton of the probes by forming micro-/nano- structures on the coating film

can be realized. Engineering the structures on the probe provides specific properties of

the probes. For example, probes with a certain magnetic anisotropy or stable magneti-

zation can be useful in spin polarized STM. For this, films of multilayer structures that

exhibit perpendicular magnetic anisotropy (PMA), artificial antiferromagnetic behav-

ior [249], or exchange bias [250] become very attractive. The probes from a cleaved

Co/Pt film, which was used in this study, can provide PMA for the spin resolved STM

[251]. More complicated structures can be created using lithography techniques. For

example, in STM experiments which require detection of emitted light from the sam-
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ple or the tip, probes with integrated photonic structures can be beneficial. Figure

5.6(a) illustrates a probe with a photonic crystal waveguide and a photon detector

incorporated in the covering film [252–254]. These structures can be made on a film

from conductive material with high refractive index like Si or InP. With such a probe,

the emitted light can be confined and guided to propagate towards the detector, which

should result in efficient light detection.

Apart from engineering the covering film, one can also take advantage from using

various substrates. The substrates can be made from any cleavable slab. Slabs from

single crystalline dielectrics (e.g. sapphire or magnesium oxide) or semiconductors

(e.g. Si or GaAs) suit the presented approach of probes preparation. Easy cleaving

along certain crystallographic directions of some single crystals can be used to obtain

a tip with a well defined angle. The electronic properties of the substrate can be

exploited. For example, by implementing separate contacts to the conducting film

and a semiconducting substrate, currents of electrons with different energies can be

separated [see Fig. 5.6(b)]. This is similar to the ballistic-electron emission microscopy

(BEEM) [255], but with the metal-semiconductor structure on the tip instead of on the

sample. This probe can be used to study systems with scattering-assisted tunneling.

5.5 Summary

In summary, an alternative type of STM probes is introduced, where a thin conductive

film is used as the tunneling probe. This approach enables the implementation of

various materials as the STM probes as well as their functionalization by micro- and

nano- structuring. To fabricate the probes, a simple procedure is proposed.

The proof of working principle of probes made of Pt, Co, CoB, and ITO films as well as

from multilayer films of Co/Pt and Cu/Pt were demonstrated. Careful analysis on the

resulting STM images shows that such probes are reliable in STM operations. Several

possible applications that profit from this type of STM probes were also discussed.
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Conclusions and outlook

This final chapter concludes the work presented in this dissertation. Two follow up

studies are also discussed.

6.1 Conclusions

To conclude this research, the objectives mentioned in Chapter 1 are revisited. The

study on the subsurface growth of Co nanoclusters in Cu(001) specifically addresses

the near-surface region of the formation of those buried clusters. The work on STM

probes from cleaved thin films aims at the proof of working principle of such probes.

As reported in Chapter 3, a Co deposition on a 650-K Cu(001) substrate leads to

the formation of subsurface nanoclusters located 2 ML deep below the surface. Their

shape is characterized by a lateral size of 5 to 10 nm and a thickness of 2 to 3 ML.

These parameters imply that processes that lead to the formation of the nanoclusters

such as Co diffusion, nucleation, and growth take place in the first five atomic lay-

ers. In that region, those processes are aided by the closeness to the surface. The

actual temperature of the substrate would be too low to facilitate the formation of

the nanoclusters if the bulk properties governed those processes. A closer look on the

diffusion of Co atoms in Cu(001), presented in Chapter 4, reveals that the closeness

to the surface aids Co diffusion in the substrate up to the fifth atomic layer. This

near-surface diffusion provides the accumulation of Co which is needed for the for-

mation of the nanoclusters as well as facilitates the nucleation and growth of those

clusters. Therefore, it is concluded as the near-surface region for the formation of the

near-surface Co nanoclusters in Cu(001) ranges from the second to the fifth atomic
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layers.

Thin (semi) conductive films deposited on a cleavable flat substrate can be used as

the probe material for STM. The sharp tip which is needed in STM measurements can

be obtained by cleaving the substrate that is initially covered by the film. The proof

working principle of STM tips from such cleaved thin films is given by the actual STM

imaging with such kind of tips as presented in Chapter 5. The advantage provided by

the STM probes from cleaved thin films is the versatility of their preparation. The

(semi) conductive film can, in principle, be prepared using any techniques that suit

the material of the film as well as the substrate. The properties of the probe can thus

be engineered by choosing the desirable material for the film and/or the substrate.

Moreover, further engineering of the probe’s properties can be done via micro-/nano-

structuring the thin film probe. To illustrate the possibility to implement various

materials and micro-/nano- structured films as an STM probe, ITO films as well as

multilayer structures Co/Pt and Cu/Pt films have been used in the demonstration of

the proof of working principle besides the thin films from single metalic layer (Co, Pt,

CoB).

6.2 Outlook

6.2.1 Deeply buried nanomagnets

As discussed in the introductory chapter, the research presented in this dissertation was

triggered by the possible application of subsurface magnetic nanoclusters for storing

data. It is realized that the near-surface nanoclusters like those studied in this research

are not optimal for being directly implemented in the actual data storage devices.

Under the operational condition of the devices, the surface of the host matrix is exposed

to the atmospheric environment. Oxygen from the air can penetrate the surface up

to several atomic layers deep, leading to the oxidation of the magnetic clusters that

reside there. To avoid such a contamination, a protection layer of several nanometers

thick should be provided via, for example, an extra deposition of material on top of

the host matrix’ surface. The properties of the system of a matrix with magnetic

clusters embedded several nanometers deep below its surface are thus of interest.

Studies that are proposed as the follow up for this research will explore techniques

that would facilitate the investigation of some of the magnetic properties of such a

system, specifically those of magnetic nanoclusters embedded in a metallic matrix. In

Subsection 6.2.2, an experiment on the detection of the hidden nanomagnets using

STM/STS is suggested and discussed. Subsection 6.2.3 discusses another proposed

experiment on the manipulation of the magnetization of those buried tiny magnets.
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Figure 6.1: (a) Left: Illustration of the formation of a local 1D QW in between the surface
of and a subsurface magnetic nanocluster. A cluster of thickness t is embedded at a depth z
below the surface of a matrix. Subsurface electrons experience a potential of height U due to
the cluster. The quantity φ is the work function of the host matrix. Right: The schematic
of the probing of QW states induced by a subsurface cluster using STM. (b) Illustration of
dIt/dV (V ) spectra measured on the surface above a buried nanocluster (purple spectrum)
and on the clean surface having no subsurface nanoclusters below it (black spectrum). The
purple arrows show the peaks due to the QW resonances. Upper left: The description of the
location of the probe tip on the surface when measuring the spectra as shown by the arrows.
The color of the each arrow corresponds to the color of the resulting spectrum.

A preliminary work related to these proposed works is presented in Subsection 6.2.4.

6.2.2 SP-STM/STS for detecting single buried nanomagnets

Studies on the magnetic properties of the system of subsurface magnetic nanoclusters

embedded deeply in a solid matrix would require the detection of magnetic signals from

the buried clusters. Especially when the properties of individual clusters are addressed,

being able to spot individual hidden nanomagnets and to retrieve the magnetic signals

induced by each of them would be desirable. The use of STM/STS to probe single non-

magnetic clusters of impurity atoms buried deeply in metals was reported as mentioned

in Subsection 1.4.2. Here, the exploration of the possibility of using STM/STS to probe

single buried magnetic nanoclusters and the induced magnetic signals is suggested.

A buried magnetic cluster and the surface can form a local one dimensional (1D) quan-

tum well (QW) for subsurface electrons [see the illustration in Fig. 6.1(a)]. The QW

states locally perturb the electronic states at the surface above each cluster, forming

a local variation of the density of electronic states at the surface that can be probed

by an STM tip. The variation of local density of states would be observable as bias
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Figure 6.2: (a) An illustrative picture of spin-polarized QW induced by buried magnetic
nanoclusters. The big purple arrows indicate the magnetization of the subsurface clusters.
The small purple and red arrows indicate the spin direction of the confined subsurface elec-
trons. The blue arrows indicate the different phase of the QW states at the surface. (b)
An illustration of the expected spin-polarized dIt/dV (V ) spectra induced by a subsurface
magnetic cluster. The purple (red) spectrum corresponds to the configuration where the
magnetization of the probe is parallel (anti-parallel) to the magnetization of the nanoclusters.
Red and purple arrows point the peaks due to QW resonances. Upper left: The description
of the configuration of the probe’s and the cluster’s magnetizations. The arrows indicate the
magnetization directions of the probe and the cluster. Different colors are used to emphasize
the parallel and anti-parallel configurations.

voltage-dependent contrasts in the topographic and/or surface differential conductance

(SDC) maps of an atomically flat surface, spotting single clusters hidden below the

surface [115–119]. The formation of the QW states is confirmed by the dIt/dV (V )

spectra (or the normalized ones) measured above the clusters. The spectra should re-

veal periodic peaks at several bias voltages that correspond to the energies of the QW

resonances [Fig. 6.1(b)] [116–119]. The bias voltage difference between two adjacent

peaks corresponds to the depth of location of the clusters.

To retrieve the magnetic signals, the dependency of spin-polarized confinement on the

magnetization of the magnetic clusters is taken into account. The coefficient of electron

reflection at the matrix-nanocluster interface is dependent on the relative directions

of the magnetization of the cluster and the electron’s spin [256–259]. This leads to the

phase-shifted QW resonances for electrons having different spins [see the illustration

given by Fig. 6.2(a)]. Consequently, the variation of local density of electronic states

at the surface at a certain energy is disimilar for different spin channels. Such a spin-

dependent feature can be probed using SP-STM/STS where a (anti-) ferromagnetic
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probe is implemented. The contrasts in the topographic and/or SDC images would

be dependent on the relative direction of the magnetizations of the probe tip and the

magnetic nanoclusters. Besides that, the position of the peaks in the (normalized)

dIt/dV (V ) spectra due to the QW resonance would also shift for different relative

direction of magnetizations of the probe and the cluster [Fig. 6.2(b)].

In the experiment aiming at proving the working principle discussed above, the in-

vestigated system should be chosen carefully. The implementation of a system having

a surface with well defined morphology and electronic properties is needed so that

features induced by subsurface objects that appear in the SP-STM/STS data can be

recognized. The formation of local spin-polarized 1D QW in between the surface and

each cluster requires a long range spin-polarized electron propagation in the matrix

along the direction perpendicular to the surface. The use of materials with (spin-

polarized) electronic structure that facilitates such electron propagation is desirable.

Besides that, the region in between the clusters and the surface should be free from

scattering centers for electrons.

The direction of the propagation of subsurface electrons in the matrix is ruled by the angular

distribution of the electrons’ group velocity vg = ~−1∇kE(k)|EF
where ~ = h/2π, h is the

Planck’s constant, k is the wavevector of the electrons, EF is the Fermi energy, and E(k) is

the electron dispersion [260]. Since vg is perpendicular to the Fermi surface, the shape of the

Fermi surface governs the angular distribution of vg. The normal of the parts of the Fermi

surface that have small absolute value of curvature give the directions that are preferable for

electron propagation. Those directions give more focused electron propagation with weak

decaying of the amplitude of the electron wave function [120]. The very specific directions

are those normal to the parts of Fermi surface with a vanishing curvature. Those directions

are the most preferable for the electron propagation where a coherent electron propagation,

namely electron focusing, occurs [260]. A long range electron propagation in the direction

perpendicular to the surface of the sample can be achieved when the surface of the sample

is parallel to the part of the Fermi surface with a small curvature. The most desirable

sample for the experiment discussed here would be the one with a surface perpendicular to

the direction that gives the electron focusing.

Taking into account the discussion above, the system of Co nanoclusters buried sev-

eral nanometers deep below the surface of a single crystal Cu(001) substrate can be

considered to be implemented in the experiment. The electronic band structure of

Cu facilitates not only electron propagation in the (001) direction but also the for-

mation of local 1D QWs induced by clusters of impurity atoms embedded several

nanometers deep in a Cu(001) substrate [116, 117, 119, 120, 261]. The formation of

spin-polarized QW states in the multilayer system of Co and Cu was reported [257,

262–264]. Approximating each buried cluster as a local Co layer, the formation of local

spin-polarized 1D QW states induced by the clusters can be expected. The sample
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with subsurface Co nanoclusters located several nanometers deep in Cu(001) can be

fabricated by firstly growing the near-surface Co nanoclusters in Cu(001) as discussed

in Chapter 3, followed by a controllable extra Cu epitaxial deposition. This would

result in subsurface nanoclusters with known lateral sizes and thickness as well as

depth below the surface. An a priori knowledge about these parameters is useful in

the analysis of the experimental data such as in scrutinizing the resonances’ energies

which depend on the depth of location of the clusters.

Another system that could possibly be implemented is subsurface Co nanoclusters em-

bedded in a Cu(110) substrate. The electronic energy band of Cu provides an electron

focusing in the (110) direction [120, 261, 265, 266]. This property could significantly

enhance the retrieved spectroscopic signals from the spin-polarized quantum well states

induced by the buried nanomagnets. Basically, the sample containing subsurface Co

clusters could be fabricated by growing Co nanoislands on top of the surface of the

Cu(110) substrate, followed by an epitaxial deposition of Cu[174]. Yet the islands may

undergo a change in morphology due to the change of the surrounding environment

upon the burying as discussed in the Subsection 1.2.3. A detailed study on the growth

and morphology of the system of subsurface Co nanoclusters in Cu(110) should be

done prior to its implementation

6.2.3 Magnetization switching induced by SP-STM

In the experiments addressing the magnetic properties of subsurface magnetic nan-

oclusters, it is very likely that one would need to change the magnetization of the

nanoclusters. The simplest approach to change the magnetization is by applying an

external magnetic field, which usually affects the magnetization of an ensemble of mag-

netic clusters in the studied sample. When investigating the properties of individual

clusters, it may be needed to change the magnetization of only one cluster, which can

hardly be achieved using a magnetic field. Actually, the change of the magnetization

can also be done using an electric current. It is known that the magnetization of

a ferromagnetic body can be manipulated by a transfer of spin angular momentum

from a spin-polarized current [267–269]. The spin angular momentum transfer can

lead to magnetization switching, namely the spin torque effect, provided that the den-

sity of the spin-polarized current is sufficiently high [269–271]. Therefore, the desired

magnetization switching of a single buried nanocluster should be achievable if a spin-

polarized current with a high density can be sent from the surface to that single buried

object. The capability of locally injecting a high density spin-polarized current to the

surface is thus required, which can be provided by SP-STM.
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Figure 6.3: An illustrative picture of the SP-STM induced spin torque switching for sub-
surface magnetic nanoclusters. The injection of spin-polarized electrons onto the surface is
assumed to induce a propagation of spin-polarized electron beam towards the cluster. D is
the lateral resolution of current injection by the tip. Red and purple arrows describe the
magnetization directions of the cluster and the probe tip.

A spin-polarized current as high as Im = 2µA was injected by an SP-STM tip

in the demonstration of SP-STM induced magnetization switching of Fe ferromag-

netic nanoislands on the surface of W(110) [272]. Estimating a lateral resolution of

D ∼ 0.5 nm [143, 272], a spin-polarized current density up to jm ∼ Im[π(D/2)2]−1 ≈
109 A cm−2 should be achievable. While the SP-STM-induced magnetization switch-

ing of individual magnetic islands on the surface was demonstrated, the extention

of that seminal work towards magnetization switching of single subsurface magnetic

nanoclusters is worth to explore in the future.

To picture the required current Ic and current density jc to achieve the spin torque effect

in the actual experiment, a rough estimation of the current required to switch the magne-

tization of a subsurface cubic nanocluster with side b is given. The cluster is embedded

in a single crystal matrix, assuming the crystal structure of the host. The lattice constant

is a and the number of atoms per cubic cell is N . A full transfer of spin angular momen-

tum is assumed. Spin-polarized electrons with a polarization P should be able to transfer

their spin within a time τ ∼ (αωL)−1 to make a full magnetization reversal. Here, α is the

Gilbert damping parameter taken as 0.01, ωL = γBeff is the Larmor frequency with γ is the

gyromagnetic ratio and Beff the anisotropy field estimated as 0.1 T. The required current

is Ic = Ne(b/a)3(τP )−1. Implementing an fcc matrix (N = 4) with a = 0.36 nm, b = 5

nm, and P = 0.4 gives Ic ≈ 0.75µA and jc ≈ 3 × 106 A cm−2 provided the direction of

electron propagation is normal to one of the cube’s surface. As the size of the actual cluster

can be significantly smaller, the current to achieve the magnetization switching can also

be significantly lower. Taking into account the ability of an SP-STM tip to inject a high

spin-polarized current with a very high current density (see the text above), the spin torque

effect can indeed be achieved in the actual experiment. For this, a focused propagation of

spin-polarized electrons is needed as discussed below.
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Figure 6.4: An illustration about the effect of the shape of Fermi surface on the preferred
direction for electron propagation upon electron injection by an STM tip. Upper: Fermi
surfaces with different shapes. The arrows represent the angular distribution of vg at EF.
Bottom: The electron propagation in the matrix induced by the current injection by the
STM tip. The arrows illustrate the propagation of electrons. (a) The case of non-spherical
Fermi surface. The electrons propagate along the preferred direction reach the cluster as a
beam with a high density. (b) The case of spherical Fermi surface. The electrons propagate
isotropically from the injection point. The density of electrons reaching the cluster is low.
The dashed semi-circle describes the points at the same distance from the injection point.

To achieve SP-STM-induced spin torque effect on a subsurface magnetic nanoclusters,

the injection of a high density spin-polarized current on the surface should induce

a propagation of a high density spin-polarized electron beam towards the targeted

cluster (Fig. 6.3). The material of the host matrix should provide such an anisotropic

electron propagation. This can be achieved if the Fermi surface of the material is non-

spherical as the direction propagation of electron is determined by the shape of the

Fermi surface (Fig. 6.4), which is discussed in the previous subsection. Specifically,

the implementation of a material that facilitates the electron focussing would be highly

desirable.

Considering the electronic band structure of Cu [261, 265, 266], the system of Co

nanoclusters embedded in the Cu(110) substrate is proposed to be used as the stud-

ied system. As mentioned the previous subsection, crystalline Cu substrate provides

a strong focusing for electron propagation along the (110) directions. This property

is useful for the magnetization switching discussed here as well as for detecting the

presence of single buried clusters and the induced magnetic signal discussed in the pre-

vious subsection. Such detection would be needed in determining the buried cluster

of which magnetization to be switched as well as to assess the success of the magneti-

zation switching as illustrated by Fig 6.5.
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Figure 6.5: Schematic of the procedure of SP-STM-induced magnetization switching of a
buried cluster. Left: The detection of the buried magnetic cluster of which magnetization
will be switched as well as the induced spin-polarized spectroscopic signal. Center: The
magnetization switching. For this, a high density spin-polarized current is injected. Right:
The detection of the induced spin-polarized spectroscopic signal. The success of switching
would be confirmed by different spin-polarized spectroscopic signals acquired before and after
the injection of high density current.

6.2.4 Preliminary work

To asses the feasibility of the studies suggested in Subsections 6.2.2 and 6.2.3, an exper-

iment on the detection of subsurface Co nanoclusters embedded several nanometers

deep below the surface of the Cu(001) substrate was carried out. The sample con-

taining subsurface Co nanoclusters was fabricated by firstly depositing Co on a clean

Cu(001) substrate followed by a Cu deposition. The amount of the deposited Co was

∼ 1 ML and the deposition was done on a 650-K Cu substrate, to obtain near-surface

Co nanoclusters as discussed in Chapter 3. The deposition of Cu was performed at

400 K to obtain large atomically flat terraces. Such a temperature is too low to induce

any changes in the morphology of the structures formed by the Co deposition. The

resulting sample was characterized using LT-STM/STS where a non-magnetic probe

tip was used. The details of sample fabrication and characterization are similar to

those in Section 3.2 and 4.2.

STM images of the sample containing subsurface Co nanoclusters reveal only a Cu

surface with atomically flat terraces. Figure 6.6(a) shows a typical topographic map

of an area in such terraces where the nanoclusters are embedded 34 ML (∼ 6 nm)

deep below the surface. The topographic map reveals no protrusions or intrusions,

indicating that the imaged surface is clean with no surface impurities. On the other

hand, the SDC maps of the very same area reveal spots with a dark or bright contrast,

dependent on the bias voltage, surrounded by ripples elsewhere. Figure 6.6(b) shows
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Figure 6.6: (a) A topographic map, 10×6.25 nm2, of an atomically flat terrace of the surface
of Cu(001) with subsurface Co islands embedded ∼ 6 nm deep below it. The tunneling set
point is (0.6 V, 1 nA). The white arrow indicates the spot on the surface which gives a
contrast in the SDC map shown in (b). (b)The SDC maps of the same area acquired with
the same tunneling set point. The white arrow indicates a spot with a dark contrast. (c) The
Cu-normalized dIt/dV (V ) spectra from samples having buried Co nanoclusters located ∼ 6
nm (black squares) and ∼ 9 nm (red triangles) deep below the surface. The black and red
arrows indicate the peaks in the spectra.

this feature where a dark contrast is observable. Any contrasts nor ripples are not

revealed by the SDC maps of the surface of a clean Cu(001) substrate containing no

Co. Therefore, those ripples and contrasts revealed by the SDC maps should be due to

the subsurface Co. The ripples are due to single Co atoms that are dissolved in the Cu

substrate during the growth of the near-surface nanoclusters as discussed in Section

3.3. The spots with the dark or bright contrast are attributed to the subsurface Co

nanoclusters.

The observed contrasts in the SDC maps could be induced by the local 1D QWs formed

in between the subsurface nanoclusters and the surface. In that case, the dIt/dV (V )

spectra or the normalized ones from the spots giving the contrasts should reveal peri-

odic peaks with a period being dependent on the depth of the clusters’ location. To
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verify this, spectra from two samples containing subsurface Co nanoclusters embedded

at different depths were compared. The first sample is the one of which STM char-

acterization being discussed above. The second sample was obtained after an extra

deposition of ∼ 3 nm thick Cu on top of the first sample, thus resulting a sample with

Co nanoclusters embedded ∼ 9 nm deep below the surface. For the comparison of

the spectra from those different samples, being considered are the dIt/dV (V ) spectra

from the spots giving the contrast in the SDC map normalized to the spectra from

the clean Cu surface.

Figure 6.6(c) shows the Cu-normalized dIt/dV (V ) spectra from the sample containing

Co nanoclusters located ∼ 6 nm (black squares) and ∼ 9 nm (red triangles) deep below

the surface. Both spectra reveal peaks that are nearly equidistant. The spectrum from

the sample with Co nanoclusters buried ∼ 6 nm deep shows that the bias voltages that

correspond with two adjacent peaks differ by around 0.6 V while it is around 0.4 V

for the clusters buried ∼ 9 nm deep. Such a decrease in the distance between adjacent

peaks with an increase of depth of the nanoclusters’ location is indeed expected given

those peaks are due to the QW states.

It is realized that a clear conclusion about the formation of local QWs induced by

subsurface Co nanoclusters cannot be obtained solely from the results of the prelimi-

nary experiment discussed above. More experimental data are needed and a detailed

analysis with some proper modeling should be done. Nevertheless, the results dis-

cussed above verify the possibility of the detection of single Co nanoclusters embedded

deeply below the surface using STM/STM. As the very next step, the implementa-

tion of magnetic probe tip with the possibility of changing the relative direction of

the magnetizations of the tip and the nanoclusters is suggested. It would confirm the

possibility of reading out the magnetic signals induced by individuals buried clusters

from the surface.
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The solution for Eq. (3.2)

The solution of Eq. (3.2) is determined by parameters a+ and a− given by

a± = −
[sn + (n+ 1)fn + sn+1]±

√
[sn + (n+ 1)fn + sn+1]2 − 4sn+1(sn + nfn)

2
.

(A.1)

In the case that a+ 6= a−, the solution is
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while for a+ = a− = a,

Φn =
Rα× 100%
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[
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a2
[1 + atea(t−ts)]

]
,

Φn+1 =
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a2
[1 + atea(t−ts)].

(A.3)
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Near-surface atoms and nanoclusters

Probing the hidden nanoworld with scanning tunneling microscopy

Magnetic nanoclusters that are embedded in non-magnetic substrates can find appli-

cations in data storage devices. To fabricate such structures, a complete knowledge

about their growth is required. The growth of subsurface nanoclusters has rarely been

studied and the few reported studies have been done mainly for those embedded in

the deep bulk region of the host material. Studies that are presented in this disserta-

tion mainly investigate the growth of subsurface nanoclusters that takes place in the

first few atomic layers of the host matrix. The studies were done on a model system

of Co-Cu(001) using scanning tunneling microscopy/spectroscopy (STM/STS) where

the formation of near-surface nanoclusters and the near-surface diffusion were specif-

ically investigated. As STM/STS was used in this research, a new kind of STM tip

technology was also developed.

The study on the formation of near-surface nanoclusters reveals a new growth mode

in the Co-Cu(001) system. This mode provides the direct formation of subsurface Co

nanoclusters upon a single-stage Co deposition on a Cu(001) single crystal. The nan-

oclusters were characterized using STM/STS to determine the depth of their location

as well as to address their shape. The buried Co induces local surface deformation

as well as local variation of the surface electron density of states, enabling the char-

acterization of those hidden objects by carefully analyzing the STM/STS data. The

nanoclusters were found to be located 2 atomic layers deep below the atomically flat

Cu surface with a strongly asymmetric shape: 5 to 10 nm in the lateral size while

only 2 to 3 atomic layers thick. The growth kinetics was investigated by varying the

dose of Co deposition and performing a heat treatment. Based on the experimental

results, a simple model describing the growth kinetics was developed. The parameters

that characterize the subsurface nanoclusters suggest that the processes of diffusion,

nucleation, and growth mainly take place in the region of up to ∼1 nm deep below

the surface.
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The near-surface diffusion was studied by investigating the diffusion of single Co atoms

in the first few atomic layers of Cu(001). This investigation shows that Co diffusion

in Cu(001) is facilitated by the vicinity of the surface, resulting in a significantly high

jump rate of single Co atoms in the first few atomic layers at a temperature around

650 K whereas in the deep bulk region such a condition requires a considerably higher

temperature & 800 K. Experimentally, it was found that the near-surface diffusion

provides the accumulation of Co atoms in the first six atomic layers of Cu(001) upon

a single-stage Co deposition at 650 K. The details of this process were studied by

analyzing the distribution of the depth of location of the buried single Co atoms

as deduced from the STM data. The distribution reveals the largest amount of Co

atoms in the third atomic layer, emphasizing that the diffusion in the first few atomic

layers should be described by depth-dependent diffusion parameters. To elucidate the

experimental findings, a model was developed where the atomic jumps are assumed to

take place via the vacancy and exchange mechanisms. Using this model where depth-

dependent energy barriers for interlayer diffusion were implemented, the experimental

results can be satisfactorily explained. This study reveals that the energy barriers of

Co atoms diffusion in the first five atomic layers of Cu(001) are lower than the barrier

for the diffusion in the deep bulk region, thus defining the near-surface region for Co

diffusion in Cu(001).

A new type of STM tips, an alternative to the conventional needle-like tips, is also

introduced in this research. Instead of using needle-shaped tips from an etched metallic

wire, this alternative type of tips uses a thin conductive film that covers a flat cleavable

substrate as the probe. The tip was obtained by simply cleaving the coated substrate,

forming a sharp edge that serves as the probe tip. This kind of STM tips enables the

use of a variety of materials as STM probes as well as the functionalization of the STM

probes. The working principle of different tips from metallic (Pt, Co, CoB), indium

tin-oxide, as well as Co/Pt and Cu/Pt multilayer films was demonstrated by STM

imaging of the clean Cu(001) and Cu(111) surfaces as well as epitaxial Co islands on

Cu(111).

This research leads to the conclusion that the properties of the near-surface region

of materials should be distinguished from the bulk properties. Studies on the near-

surface properties of other systems will provide the knowledge that can be useful

for material engineering at the nanoscalse such as in the fabrication of subsurface

structures as shown in this dissertation. The use of STM/STS to study near-surface

atoms and nanoclusters demonstrates the possibility of the application of scanning

probe microscopy techniques not merely for phenomena at the surface but also for

subsurface studies. The prospects of the implementation of various materials for STM
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probes as well as the functionalization of the probes were also demonstrated by using

the cleaved thin film probes.
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BartoŠ, I. & Somorjai, G. A. “The surface reconstructions of the (100) crystal

faces of iridium, platinum and gold. I. Experimental observations and possible

structural models”. Surface Science 103, 189–217 (1981).

54. Van Hove, M. A., Koestner, R. J., Stair, P. C., Bibérian, J. P., Kesmodel, L. L.,
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