
 

Mn in GaAs studied by X-STM : from a single impurity to
ferromagnetic layers
Citation for published version (APA):
Yakunin, A. M. (2005). Mn in GaAs studied by X-STM : from a single impurity to ferromagnetic layers. [Phd
Thesis 1 (Research TU/e / Graduation TU/e), Applied Physics and Science Education]. Technische Universiteit
Eindhoven. https://doi.org/10.6100/IR593658

DOI:
10.6100/IR593658

Document status and date:
Published: 01/01/2005

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 23. May. 2023

https://doi.org/10.6100/IR593658
https://doi.org/10.6100/IR593658
https://research.tue.nl/en/publications/0e470ce2-b172-4387-8bfc-6214f8469ac1


Mn in GaAs studied by X-STM:

from a single impurity

to ferromagnetic layers

PROEFSCHRIFT

ter verkrijging van de graad van doctor aan de Technische

Universiteit Eindhoven, op gezag van de Rector Magnificus,

prof.dr.ir. C.J. van Duijn, voor een commissie aangewezen door het

College voor Promoties in het openbaar te verdedigen op

donderdag 9 juni 2005 om 16.00 uur

door

Andrei Mikhailovich Yakunin

geboren te Ekaterinburg, Rusland



Dit proefschrift is goedgekeurd door de promotoren:

prof.Dr. J.H. Wolter

en

prof.Dr. K.H. Ploog

Copromotor:

dr. P.M. Koenraad

CIP-DATA LIBRARY TECHNISCHE UNIVERSITEIT EINDHOVEN

Yakunin, Andrei M.

Mn in GaAs studied by X-STM: from a single impurity to ferromagnetic layers
/by Andrei M. Yakunin

Eindhoven: Technische Universiteit Eindhoven, 2005.
Proefschrift
ISBN 90-386-2221-X
NUR 926

Trefw.: III/V halfgeleiders; dotering; mangaan

Subject headings: Scanning Tunneling Microscopy; III/V semiconductors; manganese;
wave-function imaging; acceptors; ferromagnetic semiconductors; impurities in semi-
conductors

The work presented in this thesis was carried out at the COBRA Inter-University
Research Institute on Communication Technology in the Eindhoven University of
Technology. The project was supported by Dutch Foundation for Fundumental Re-
search on Matter (FOM).

ii



For my parents

Larisa Yakunina and Mikhail Yakunin

iii



iv



Contents

1 Introduction 1

1.1 Position of the field . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Problem definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.3 The scope of this thesis . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.4 Scientific novelty . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2 Experimental technique and procedures 7

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.2 Sample preparation for X-STM . . . . . . . . . . . . . . . . . . . . . 8

2.3 Tip preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.4 Surface states and (110) surface of GaAs . . . . . . . . . . . . . . . . 14

2.5 Tunneling and constant-current mode . . . . . . . . . . . . . . . . . . 19

2.6 Charged impurities and screening . . . . . . . . . . . . . . . . . . . . 22

2.7 I(V) and Z(V) spectroscopy . . . . . . . . . . . . . . . . . . . . . . . 25

2.8 Photo-assisted tunneling . . . . . . . . . . . . . . . . . . . . . . . . . 26

2.9 Electronic and topographical contrast in STM (example of a surface

step) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3 Observation of the Mn wave-function in GaAs 39

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.2 Observation of Mn in GaAs by X-STM . . . . . . . . . . . . . . . . . 40

3.3 Spectroscopic signature of Mn in GaAs . . . . . . . . . . . . . . . . . 49

3.4 Symmetry of Mn wave-function . . . . . . . . . . . . . . . . . . . . . 53

3.5 Mn wave-function in the reciprocal space . . . . . . . . . . . . . . . . 55

4 Theory 57

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

4.2 Mn electronic configuration in GaAs . . . . . . . . . . . . . . . . . . 59

v



4.3 Effective-Mass Approximation (EMA) . . . . . . . . . . . . . . . . . . 62

4.4 Tight-Binding Model (TBM) . . . . . . . . . . . . . . . . . . . . . . . 81

5 Mn in strained GaAs 89

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

5.2 Observation of the pressure effect . . . . . . . . . . . . . . . . . . . . 91

5.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

6 Mn-Mn pairs 97

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

6.2 Observation of Mn pairs in GaAs . . . . . . . . . . . . . . . . . . . . 98

6.3 Noninteracting Mn pairs . . . . . . . . . . . . . . . . . . . . . . . . . 99

6.4 Interacting Mn pairs . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

7 (GaMn)As delta layers 111

7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

7.2 Potential profile . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

7.3 Mn incorporation and electronic states . . . . . . . . . . . . . . . . . 116

7.4 As antisites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

Summary and Outlook 125

Nederlandse samenvatting 127

Bibliography 129

List of abbreviations 137

Acknowledgements 139

List of publications 143

Curriculum vitae 145

vi



Chapter 1

Introduction

1.1 Position of the field

Diluted magnetic semiconductors (DMS) are materials where only a few atomic per-

cent of a magnetic element is added to a non-magnetic semiconductor. The practical

realization of such materials based on III-V semiconductors became recently pos-

sible due to the breakthrough in the growth techniques such as Molecular Beam

Epitaxy (MBE) that allowed growing dilute ferromagnetic semiconductors such as

Ga1−xMnxAs with concentration x > 0.01 as well as their integration into a device

structure. Because of their unique combinations of magnetic and semiconducting

properties and their potential for use as both injection sources and filters for spin-

polarized carriers, these materials have been suggested for use in spin-based electron-

ics, or spintronics. The manipulation of carrier spin provides an additional degree of

freedom in the operation of devices for use in energy-efficient electronics as well as

for information storage and quantum processing. The discovery of ferromagnetism in

In1−xMnxAs and Ga1−xMnxAs systems [1, 2] heralded more than a decade of intense

experimental and theoretical research [3, 4, 5]. However, most of this research em-

ploys techniques, such as Hall, photoluminescence and absorption measurements that

have a macroscopic approach and are able to measure only the macroscopic, averaged

1



2 Introduction

over whole volume, parameters of such materials. In particular, the focus of previous

research was set on the position of Mn acceptor levels in GaAs and their modifica-

tion under various conditions. Mn acceptor levels were previously studied by means

of Hall measurements [6], absorption techniques [7, 8], photoluminescence [9, 10],

electron-spin resonance [11] and space-charge techniques [12].

At atomic scale the problem of a deep impurity, such as Mn in GaAs, is much

older and addresses the very basic aspects of the understanding of solids. Recently

the problem of single impurities became actual in connection with scaling down the

materials and possible usage of impurities for single electron transitions [13]. It is

known that not only the type of impurities but also their spatial distribution defines

the device properties (for example, mobility in delta layers [14]). In addition to

technological motivations, studying impurities and point defects is also interesting

from the fundamental point of view [15]. Although the properties of donors are

well understood, the acceptors are still a matter of debate. In particular, recent

advances in cross-sectional scanning tunneling microscopy led to the discovery of

some shallow acceptors (Zn, Cd [16, 17] and C [18]) to appear at atomic scale as

anisotropic features on a scale of 4-5 lattice constants of the host crystal. So far,

there was no comprehensive explanation given to describe this anisotropy.

1.2 Problem definition

Pure semiconductor crystals are usually insulating. In order to make semiconductors

conductive, some amount of energetically shallow impurities is introduced. These

impurities define electronic properties of the host semiconductor crystal. However,

there is no clear understanding of the structure of the acceptor ground state at atomic

scale. Even the binding energy of most acceptors cannot be evaluated using cur-

rently available analytical tools such as effective-mass approximation and, so called,
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first-principle calculations. The most successfully described acceptor in III-V semi-

conductors is ZnIII . Its binding energy can be calculated using the effective-mass

approximation assuming pure Coulomb confinement, which is more a coincidence

rather than a regularity. One of the reasons for this is that these methods do not take

into account the real local bonding configuration between an impurity and neighbor-

ing host-crystal atoms. It is common to correct for the difference in ionization energy

between Zn and other impurities by a so called chemical shift or cental cell correction.

Although the existing effective mass theory including chemical shift describes

macroscopically observed parameters such as electrical transport in doped bulk semi-

conductors, it fails to depict the shape of an acceptor wave-function at atomic scale

even for the most shallow acceptors in GaAs like Zn and Be. As a result, some

properties of novel materials that include acceptors as building blocks may not be

predicted. For example, properties of materials with reduced dimensionality such as

delta-layers and small scale objects such as quantum dots and clusters.

For describing Mn acceptors, there is a choice between two models due to its

apparent dual nature. In some experiments manganese behaves as deep d-shell-like

impurity, while in others as shallow hydrogen-like acceptor. Thus, currently, it is not

clear whether the acceptor state is formed by the Mn 3d−shell or the valence-band

hole is confined by the Mn local potential. For Ga1−xMnxAs with x > 0.01 there is

insufficient knowledge of the valence band structure. As a result, it is not obvious

whether the spin-polarized carriers are residing in the valence band of GaAs or in the

impurity band formed by Mn related acceptor states.

1.3 The scope of this thesis

This thesis is dedicated to novel experiments on acceptor wave-functions in GaAs at

the atomic scale. The main attention is paid to Mn acceptors due to their unique
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electronic properties resembling those of both, shallow and deep acceptors.

The cross-sectional scanning tunneling microscopy (X-STM) is used to analyze

the electronic structure of manganese (Mn) in GaAs. In chapter 3, the appearance

of a single Mn acceptor on a cleavage induced (110) surface of GaAs is studied in

both ionized and neutral states. This is achieved by using the X-STM not only as

an imaging tool but also for charge population of the Mn acceptor state by manipu-

lating the band-bending of the sample. In this way the hole density of states (DOS)

localized at an individual Mn acceptor in GaAs is spatially mapped by STM at room

temperature. The manganese wave-function is found to have an anisotropic, cross-like

shape.

In chapter 4, the measured spatial structure of Mn in GaAs is compared with

that from an envelope-function, Effective-Mass Approximation (EMA), and from a

Tight-Binding Model (TBM). In both models the origin of the anisotropy is analyzed

from the symmetry point of view. In the effective-mass approximation the acceptor

hole-state is described as a combination of angular motions with preferable T2 sym-

metry dictated by the cubic GaAs crystal. The tight binding model assumes that

the local binding potential has a tetrahedral symmetry due to the specific bonding

configuration of Mn in the host crystal. Both models demonstrate that the anisotropy

arising from the cubic symmetry of the GaAs crystal produces a cross-like shape for

the hole wave-function.

In chapter 5, the effect of an anisotropic mechanical stress on the Mn wave-function

is investigated experimentally. It is shown that the symmetry of the manganese wave-

function can be further reduced if the stress is applied to the GaAs crystal along one

of the [111] directions.

Mn related electronic states are investigated in a wide range of Mn concentrations

x, ranging from x < 0.0001 to x = 0.75 in digitally doped structures. This range
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covers both sides of a critical concentration x = 0.01, which is believed to be a phase-

transition point between antiferromagnetic and ferromagnetic phases of Ga1−xMnxAs.

In chapter 6, pairs and dense groups of manganese atoms separated by short distances

are studied in order to understand the impurity-band formation near the insulator to

metal transition. It is demonstrated that the cross-like shape of the Mn wave-function

persists in samples with high Mn concentration. The directional dependence of the

Mn wave-function overlap for various Mn-Mn separations is analyzed in the frame-

work of the effective-mass approximation and tight-binding model. In chapter 7, the

electronic properties of digitally doped Ga1−xMnxAs delta layers with extremely high

concentrations of x > 0.2 are investigated. It is demonstrated that the Mn related

states extend far from each of the layers as compared to their width. The extension

of the electronic states of such layers is found to be comparable to that of a single

Mn acceptor in GaAs.

1.4 Scientific novelty

The main results of this thesis can be summarized as following:

1. The wave function of the Mn acceptor in GaAs was observed. It is experi-

mentally demonstrated that the Mn wave-function has a highly anisotropic cross-like

shape.

2. The anisotropic shape of the wave-function exists not only in samples with small

Mn concentration but also in dense groups with Mn-Mn separations shorter than a

critical one for the ferromagnetic transition.

3. It is suggested that the symmetry of the GaAs crystal is responsible for the

cross-like shape of the Mn wave-function, thus the cubic approximation should be

taken into account for its proper description.

4. It is experimentally demonstrated that the symmetry of the Mn wave-function
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is reduced in the anisotropically strained GaAs crystal.

Moreover, the used theoretical approach, based on symmetry arguments, did not

take into account the chemical nature of the acceptor itself. Thus, all four above

mentioned phenomena, should apply for other acceptors in other cubic semiconductors

such as GaAs.



Chapter 2

Experimental technique and
procedures

2.1 Introduction

Scanning Tunneling Microscopy (STM) has a great capability of being able to resolve

the electronic states energetically as well as spatially with sub-nanometer resolu-

tion (see, for example, references [19, 20]). Unlike transmission electron microscopy

(TEM), where the signal from several atomic layers is integrated, the STM analyzes

only a single monatomic layer. As was first demonstrated by Feenstra and cowork-

ers [21], STM is capable of performing a chemical identification of atomic species

based on their electronic contrast. Moreover, spin polarized STM have been imple-

mented by Wiesendanger and coworkers to analyze ferromagnetic structures with the

resolution beyond the exchange length (see, for example, the reference [22]; for a

recent review, see the reference [23]).

X-STM employs the same principles of operation as a conventional STM. The only

difference between these two techniques is that for X-STM, the sample surface is pre-

pared by cleaving the sample. In this way, an absolutely clean atomically flat surface

can be achieved without additional thermal treatments. Moreover, the structures that

7



8 Experimental technique and procedures

are capped during the growth, such as buried quantum dots, can be reached. The

Cross-sectional Scanning Tunneling Microscopy (X-STM) was pioneered by Salemink,

Feenstra and coworkers. Johnson et al. were the first to observe charged impurities

in III-V semiconductors [24]. Despite the advantages, X-STM has its limitations.

The most important fundamental limitation is the limited amount of natural cleav-

age planes of materials. For example, for the III-V semiconductors, such as GaAs,

the X-STM experiments can be carried out on the {110} surfaces only.

In this chapter the sample preparation procedures, tip treatment and main fea-

tures of the STM principle are discussed. The main attention is paid to the charged

centers and to potential manipulation of the sample surface. Localized states identi-

fication is demonstrated by an example of a surface monatomic step. The equipment

used in this work has been well described elsewhere [25, 26], thus we omit a general

description of the vacuum system and pay attention to the relevant details only.

2.2 Sample preparation for X-STM

One of the major issues in the field of X-STM on semiconductor surfaces is, and always

has been, how to cleave the sample in such a way that the density of monatomic steps

on the surface is minimized (see, for example, reference [27]). Cleaved surfaces have

the important property of being initially clean to a degree that cannot be surpassed by

any other method of preparation. In general, the cleavage properties are determined

by the density and the strength of the bonds in the perpendicular direction to the

cleavage plane. In order to produce a good cleavage plane, a large portion of a sample

material has to be used, which exceeds several grams of semiconductor crystal per

one experiment.

Rectangular pieces (3.5 × 10 mm2) are cleaved from a wafer containing the semi-

conductor structure of interest. In our experiments all wafers were [001] oriented.
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These wafers are normally 350−450 µm thick. From such thick samples it is difficult

to obtain an atomically flat cleavage surface, which is absolutely necessary for the

measurements of the weak electronic structures. Therefore the samples are polished

down to a thickness of about 80 − 130 µm.

For STM measurements it is essential to have a good electrical contact with the

structure of interest in the sample. As the samples themselves are semiconducting, a

simple mechanical contact between sample and holder is not always sufficient because

of an insulating oxide layer on the sample surface and the formation of a Schottky

diode [28, 29] due to a difference in the electron affinity of materials in contact.

Therefore, alloyed metallic contacts are deposited on the sample, at the side of the

epi-layer to produce an ohmic contact. This is done in a thermal evaporator. The

samples are placed on a holder covering most of the sample. Only two small strips

on both ends are uncovered. After the samples are placed in the thermal evaporator,

the evaporation chamber is pumped down. A H2 plasma treatment is applied for a

few minutes to remove the oxide layer at the uncovered strips. During the plasma

process, also the atomic structure of the top 10 nm of the sample surface is disrupted,

resulting in a better adhesion of the metallic contact to the sample surface. After the

plasma treatment, the contacts are deposited on the samples.

A sequence of different metallic layers has to be deposited to ensure a good adhe-

sion to the sample and proper doping of the sample to contact the interface. For an

n-type contact these are germanium, nickel and finally gold, which serves as an anti-

oxidation layer. As grown p-type samples usually have sufficient contact conductivity

without any treatment. However, in the experiments presented in this thesis Zn was

used as an additive layer instead of germanium. The total thickness of the metallic

contact layer is less than 0.3 µm. After depositing, some contacts were annealed at

a temperature of about 150 oC in order to diffuse the contact metals deeper into the

sample to reach the underlying layer of interest.
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(a) (b)

Notch InZn-Ni-Au contact

cmcm
Figure 2.1: Picture of GaAs samples prepared for the X-STM measurement: (a) sam-
ple prior to clamping into the holder; (b) sample after it has been clamped and taken
out of the holder. The indium spot is left at the point of clamping. The notch in the
sample (a) is better for cleavage than in sample (b) since it is thinner and shallower.

Before the sample is clamped into the holder, a small scratch of about 0.5 mm,

which extends to a small notch at the side of the sample, is applied to the epi-layer

side of the sample, by using a diamond pen (see figure 2.1). The position of this

scratch is chosen in such a way that after the sample is clamped into the holder, it

will be located just above the clamping bars. This scratch serves as a nucleation point

for the (110) cleavage-plane of the sample later on in the UHV chamber. This greatly

enhances the quality of the cleavage plane. It is important to note that the scratch

should be shallow enough to only nucleate the cleavage plane but not to determine

the cleavage direction.

The sample holder consists of two metal bars that can be screwed together, thus

clamping the sample. Part of these bars is removed, leaving a notch so that only

one corner of the sample is clamped. One of these bars is connected to a support

plate that tightly fits in the STM unit. A thin slice of indium (In) is placed at the

clamping point on both sides of the sample holder before the sample is clamped. The
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sample holder is then heated to above the melting temperature of indium up to about

180− 200 oC and the screws are tightened. The indium provides for an even pressure

distribution on the sample as well as for a fixed electrical contact.

After loading in the UHV setup, the holder with mounted samples are baked in

the preparation chamber. This is done by placing the sample holder close to a heating

coil under high vacuum conditions, where it is baked out for about 15 − 20 minutes

at a temperature of approximately 140 − 160 oC. In this way, water and organic

sediments will evaporate from the sample and the holder and are pumped away.

The sample is cleaved manually in situ so that the surface stays clean. If the

pressure is applied to the top of the sample, it will cleave starting from the prepared

notch. Because the sample is only clamped at one point right below the scratch, the

cleavage plane chooses an easy direction and freely propagates through the sample.

In order to obtain an atomically flat cleavage plane, the pressure point should be on

one line connecting the notch and the clamping point of the sample. It should be as

far as possible from the clamping point in order to introduce only a small amount of

lateral torque in the sample.If the notch is shallow, the cleavage plane will tend to

follow a crystal plane. The amount of force applied while cleaving the sample has to

be kept as small as possible. Applying a too large force will always lead to a step-edge

formation, as the energy put into the cleavage plane has to be dissipated.

2.3 Tip preparation

The tips are made of a 99.97% pure poly-crystalline tungsten (W) wire with a diameter

of 0.25 mm. A short piece of this wire (∼ 5 mm) is welded to a tip holder and cleaned

for use in ultra-high vacuum (UHV). The tips are then etched in a 2.0 molar KOH

solution. The top 1−1.5 mm of the tip is put into the solution and a positive voltage
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of 4− 5 V is applied to the tip-wire, as shown in figure 2.2. A Pt0.9Rh0.1 spiral serves

as a counter electrode. In the etching process, the tungsten dissolves:

W + 2OH− + 2H2O → WO2−
4 + 3H2. (2.3.1)

Etching is the most important step in the tip preparation-procedure, which pre-

determines the quality of the tip. There are two important key features for the tip

etching. First is a meniscus, which is sensitive to surface contamination and vibra-

tions. During the etching process the tip changes the shape at the place where it

enters the solution. This may cause a pulling of the meniscus and it’s collaps during

the final stage of etching. In order to ensure the stability of the meniscus, the etching

process is halfway interrupted and the tip is taken out and put back into the solution.

This procedure yields a stable meniscus till the end of etching process. Because of

this geometry, the reaction velocity is the highest at the point where the tungsten

wire penetrates the surface of the solution. Second, during the final stage of etching

the tip is formed by the abrupt break at the thinnest place of the wire (right at the

position of the meniscus). This is a very critical moment that determines the quality

of the tip. The current delimiter is introduced in the current circuit to ensure the

instantaneous current drop after the wire is broken off. The tip is usually blunt when

the wire is put deeper into the etching solution (deeper than 3 mm) and otherwise it

is sharper, however, less stable. This is probably related to the weight of the broken

off piece of the wire. The tips that break during or due to change of the settings or

due to mechanical vibrations usually do not show atomic resolution.

An important role in the proper wire breaking-off plays the jet of WO2−
4(aq), which

in the proper geometry should eject along the wire axis as shown in figure 2.2. In case

when the jet is not parallel to the wire axis, the torque of the flow may break the wire

prematurely. The beaker-glass, in which the etching is performed, has a glass plate

in the middle which ensures that the flow around the W wire is not disturbed by the



13

V

0-12 V

Current

delimiter

Jet

Glass plate

Tip holder

PtRh spiral

2M KOH

1 cm

Figure 2.2: Setup for tip chemical etching. The photograph depicts the etching in
progress where the proper, straight, shape of WO2−

4 jet is visible.

H2 bubbles that are produced at the PtRh anode. This glass plate also ensures that

the flow initially is directed downwards along the wire axis.

After loading into the UHV setup, the tip and its holder are baked. Similar to the

samples, they are put in front of a glow spiral and are heated approximately up to

140−160 oC until most of the water and organic solvents are evaporated. After that,

the oxide layer on the tip is removed by Ar+ ion bombardment with an ion energy of

about 1 kV .

The reproducibility of the tips achieved by using the procedure described above,

comes close to 80 − 90%. In some cases, in order to further sharpen the tips as

described in [25, 26, 30], thermal in situ cleaning at a temperature of 1100 oC and

subsequent electrical etching (so-called selfsputtering) are applied before the ion bom-

bardment.
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3 µm50 µm

(a) (b)

Figure 2.3: SEM image of the etched tungsten tip. (a) overview of the tip; (b) image
of the tip apex.

2.4 Surface states and (110) surface of GaAs

The possible existence of surface states was first pointed out by Igor Tamm [31] in

1932 on purely theoretical grounds. However, the important role played by such states

in solids was not recognized at that time. In his work he showed that if the peri-

odic potential is abruptly terminated, discrete energy levels, which are inaccessible

to electrons in infinite crystals, appear in the energy gaps. The existence of surface

states on a free surface was demonstrated much later by Shockley and Pearson [32]

who found that only a small fraction of the total charge in the capacitor was mobile,

indicating that most of it is trapped in surface states. Shockley’s mechanism for

formation of surface-states was in analogy to splitting in bonding and antibonding

states of degenerate atomic states of the same symmetry. The bands of equal sym-

metry hybridize and the band gap is opened. At the surface, however, the broken

symmetry allows states to exist in the symmetry gaps. Since Shockley’s mechanism

was in this perspective different from Tamm’s approach, from that time on surface

states were classified into Tamm and Shockley states. The modern approach based
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Figure 2.4: Side view on the cleaved III-V zinc-blende crystal. The cleavage plane
has [110] direction (top row of the atoms). Displacements of the surface atoms with
respect to their original positions in the bulk are marked by the arrows.

on ab initio self-consistent band-structure calculations both contain symmetry and

surface ingredients.

In the STM experiments surface states play an important role - providing an

atomic resolution. To the great advantage of STM experiments on semiconductors

there is a band gap in the energy spectrum of these materials. The band gap promotes

localization on semiconductor surfaces as compared to most metal surfaces where sur-

face states are mainly delocalized. The (110) surface of a compound semiconductor,

such as GaAs, has a number of advantages over other surfaces. First of all, it is a

natural cleavage plane of III-V compound semiconductors. Second, the semiconduc-

tor band-gap is open on {110} surfaces. The (110) plane consists of planar zigzag
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rows of alternating group III and group V atoms along the [110] direction, indicat-

ing that this cleavage plane is a nonpolar surface. This makes it possible to image

electronic structures located far below the surface (typically up to 6 − 7 subsurface

monatomic layers). Third, the (110) surface is not reconstructed. As a result, the

imaged confined quantum states resemble the symmetry of those in the bulk. Cation

and anion sublattices can be well resolved energetically at room temperature and

thus can be imaged independently of one another. However, this surface is relaxed

(buckled). The buckling originates from the different preferential bonding configura-

tion of the cations (group III element) and anions (group V element). An anion (in

our case As) has sp3− configuration consisting of four bonds arranged nearly tetra-

hedrally in space, similar to the arrangement of the As bonds in the bulk. The sp3−
configuration of a cation(in our case Ga), however, is unstable. Instead, it prefers

sp2−bonding configuration with all three bonds to nearest As atoms laying in the

same plane and one additional empty out-of-plane dangling bond. In order to mini-

mize the energy and reach the stable configuration the surface atoms relax as shown

in figure 2.4. As a result, the anion is relaxed outwards while the cation is moved

inwards. This relaxation can be described by a single parameter, the buckling angle

ω. The buckling angle is believed to be about 27◦ and cannot be determined directly

from the STM measurement, since the measured surface topography is determined

by the variation in surface state density that varies with energy. The displacement

of surface atoms along the [001] direction may extinguish reflection symmetry with

respect to the [110] axis of the features observed on the (110) surface, as will be

further discussed in section 3.4.

The relaxation drives the surface states out of the bulk energy-gap and results in

the formation of so-called dangling bonds that constitute most of the surface states.

This process is schematically demonstrated in figure 2.11. These states are usually

responsible for atomic resolution at low sample bias. The cation bonds (so called
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C3 states) are empty and located in the region of the conduction-band bottom. The

anion bonds (A5) are filled and reside in the region of the valence band top. Their

position may shift with respect to the bulk bands and narrow the surface band-gap

depending on their population. Ebert et al. [33] showed in their experiments and

calculations that the dangling bond picture is too simple to explain the STM results.

For the complete description, the surface resonances have also to be considered.

The appearance of surface states strongly depends on their energy position [see,

for example, figure 2.5(a,b)]. In many cases, this greatly assists the identification

and the tracing of the surface-charge distribution. In figure 2.5(c) the positive charge

located under the surface causes the energetic shift of the surface states. As a result,

the pattern of the surface states is locally changed. This very sensitive and simple

method of surface-charge identification will be used in sections 2.9 and 3.2. Dangling

bonds of anions and cations are well separated in energy by the band gap. This makes

possible to image selectively only anion or cation sublattices.

The appearance of the surface states and their resolution by STM also depends

on the symmetry properties and degree of state localization at the tip apex. In this

respect special attention deserves the so-called True Lattice Resemblant Corrugation

(TLRC) or ”super resolution”, when both anion and cation atoms appear in the STM

image. In some cases, both surface and first subsurface layers are also visible in the

same image. It is believed that this happens when an atom at the tip apex establishes

a chemical bond with the sample-surface atoms [34]. The appearance of TLRC always

involves a sudden transition from the normal imaging mode to an anomalous mode

with ultra high resolution. Such a resolution appears in a very narrow energy window,

usually at low sample bias, when the tip is close to the sample [35, 25]. However, it

varies significantly from tip to tip. The resolution is also influenced by the type of

the tip state as will be shown in section 2.5.
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[1-10]
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Figure 2.5: Sample-bias dependent appearance of (110)-surface states: (a) 6.3 ×
6.3 nm2 (Us = +1.1 V ), surface states appear as lines along the [110] direction;
(b) 4.2 × 4.2 nm2 (Us = −3.0 V ), surface states appear as dots; (c) 6.3 × 6.3 nm2

(Us = −2.2 V ), surface states pattern is locally changed due to their energetic shift
caused by the coulomb field of a charged impurity located under the surface; (d) 4.2×
4.2 nm2 (Us = −1.6 V ), an example of so called True Lattice Resemblant Corrugation
(TLRC), when both surface and first subsurface layers are visible in the STM image
as well as anions and cations.
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2.5 Tunneling and constant-current mode

If a conducting needle (the tip) is brought within a few atomic distances from the

sample surface, quantum mechanics allows for transmission of an electron from the

tip to the sample through the potential barrier of the vacuum. This process is called

tunneling and in general is determined by the spatial overlap between surface states

of the tip and the sample at the same energy. Tunneling in the STM experiment

between the tip and the sample through the vacuum barrier is determined by the

overlap between the surface states of the sample extending to the vacuum and a tip

apex state. The tunnel current, thus, is determined by the convolution of the states

of the tip and sample according to Bardeen’s formula:

I =
4πe

~

∫ eV

0

ρs(Es
F − eV + ε) × ρt(Et

F + ε)|M |2dε, (2.5.1)

where eV is the difference in Fermi energy of the tip and sample; M is the tunneling

matrix1, determined by the overlap between the tip apex wave-function and surface

states of the sample surface. Usually the tip made of tungsten or other transition

metals has a d state on the apex2. However, there is a small probability of s and p

states (bulk values for tungsten are s ∼ 3%, p ∼ 12%, d ∼ 85% [37]).

The magnitude of the matrix element is usually assumed not to change signifi-

cantly in the energy range of interest and may be treated as a constant. Indeed, when

the sharpness of the features is smaller than that of a tip state (for example, when no

atomic resolution is achieved) or the density of states varies considerably within the

area of interest, it is convenient to describe the electronic contrast in terms of varying

the sample density of states ρs(x, y) (LDOS), i.e. the amount of energy levels per

energy window and a surface unit. However, ρ does not contain the spatial structure

1In literature it is also called the amplitude of the electron transfer.
2Doyen et al. (1990) who made a first-principles calculation of a realistic tungsten tip, found

that the electronic structure of such a tip exhibits a 5dz2 resonance near the Fermi level [36].
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Table 2.1: Some tunneling matrix elements Mi,j,k for various tip states Ψt. The equal
constant multipliers are omitted.

Ψt s px dxy dx2−y2 dz2− 1

3
r2

Mi,j,k Ψs(r) ∂
∂x

Ψs(r) ∂2

∂z∂x
Ψs(r)

(

∂2

∂x2 − ∂2

∂y2

)

Ψs(r)
(

∂2

∂z2 − k2

3

)

Ψs(r)

of the wave functions corresponding to each energy level, but only describes the vari-

ation of the amount of levels on the surface. It is the matrix element that determines

the spatial resolution of the surface states and contains information about the shape

of the wave-function associated with the state localized on the sample surface. It

cannot be put constant when the size of the surface features is larger than that of the

tip state.

The matrix elements for various tip states are listed in table 2.1. From there we

can see that only s-type tip state gives the real density of states of the surface. The

p- and d-states are the spatial derivatives of the surface charge-density landscape.

However, this is a short-range effect that takes place at atomic scale and does not

influence the spatial appearance of the large scale objects. Let’s demonstrate this for

the case of a p-type tip state. The wave function of a localized state in the sample (for

example, of a shallow acceptor) is given by the product of the envelope function Ψ(r)

and Bloch states of the valence band top χ(r). Then the measured charge density,

∣

∣ΨSTM(r)
∣

∣

2 ∝ |M |2 ∝
∣

∣

∣

∣

∂χ(r)

∂r
Ψ(r) +

∂Ψ(r)

∂r
χ(r)

∣

∣

∣

∣

2

≈
∣

∣

∣

∣

∂χ(r)

∂r
Ψ(r)

∣

∣

∣

∣

2

, (2.5.2)

still contains the envelope function in its original form if Ψ(r) is a slowly varying

function of r as compared to χ(r).

Then, taking into account the exponential decay of the sample wave-functions into
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the vacuum, for the localized state on the (x,y) surface the equation 2.5.1 may be

written in the following form

I(x, y, eV ) ∝
∫ eV

0

ρs(ε) |Ψ(x, y)|2 exp[−2k(ε)z(x, y, eV )]dε, (2.5.3)

where

k(ε) =

√
2mφ

~
.

Here z(x, y, eV ) is an absolute distance between the tip and the sample; φ is the

height of the vacuum potential barrier; m is the electron mass. For simplicity, the tip

density of states is assumed to be a constant value in the whole energy range.

The strong exponential dependence of the tunnel current on the tip-sample dis-

placement is utilized in the STM. In constant-current mode the tunneling current I

is kept constant at a certain setpoint value (usually Isp ≈ 0.1 nA). If there is a

local change in an electronic structure or the tip-sample distance, the tip will retract

or approach the sample surface in order to compensate for the change and keep the

current at a constant setpoint value. This is done by implementation of the feed-

back system that maintains the tunnel current by regulating the distance between

the sample and the tip with picometer precision. In this way, the movements of the

tip (x, y and z displacements) compose the so-called ”constant-current” image of the

surface containing information about both electronic and topographical variations.

If the momentum k in equation 2.5.3 is a slowly varying function of energy, then

integration results in a constant multiplier I0 and equation 2.5.3 can be written as

I(x, y, eV ) = I0exp[−2kz(x, y, eV )]|Ψ(x, y)|2, (2.5.4)

whence the electronic profile recorded in the constant-current mode with the current

setpoint ISP depends logarithmically on the charge density of the surface states

z(x, y, eV ) =
1

2k
ln

[

I0

ISP

|Ψ(x, y)|2
]

. (2.5.5)
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The same logarithmic dependence one can obtain if the tunneling element is assumed

to be a constant and the local density of states is varying as a function of surface

coordinates.

If the feedback signal is set low or the scan speed is high, the system is not fast

enough to compensate for the current change due to local electronic or topographical

structure variations. This leads to a local current deviation from the setpoint. Such a

signal is much more sensitive than the apparent height profile, since it is a hardware

acquired spatial derivative of the latter signal along the scan-direction.

2.6 Charged impurities and screening

When two materials with different work functions are put in contact or close prox-

imity to each other (distance < 1 nm), electrons move from the material with the

lowest work function to the other material, until the Fermi levels have lined up and

equilibrium is reached. Since electrons have moved from one side to the other, the

materials are not neutral anymore and an electrical field exists between them. To

screen out this electrical field, an extended space charge region is built up near the

surfaces. In metals, this space charge is very narrow (∼ 0.05 nm), because of the

high free electron density. For semiconductors, however, the free electron density is

lower and therefore the space charge region is more extended.

The amount of free carriers and the width of the space charge region of the semi-

conductor depend on the doping concentration and can be controlled by the voltage

applied between the metallic tip and the semiconductor sample. The charge distri-

bution is given by the solution of Poisson’s equation

d2φ(r)

dx2
= −ρ(r)

εsε0

, (2.6.1)

where φ(r) is the potential, ρ(r) is the charge distribution inside the semiconductor as
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a function of distance r inside the semiconductor and ρs and ρ0 are the dielectric con-

stant and the permittivity of the vacuum, respectively. As we can see the tip-induced

potential has a parabolic shape and extends further, if the concentration of impurities

is lower. For a highly doped sample, the electric field is screened immediately by the

dense space charge and the depletion layer is thin. The tip induced effects then play

a minor role. But in low or undoped semiconductors, the depletion length cannot be

disregarded.

Usually, the Tip Induced Band-Bending (TIBB) effect confuses the interpretation

of the STM data, since the actual shift of the bands, in general, is unknown. One

of the confusions is the apparent widening of the energy gap of the sample in the

tunneling I(V ) spectrum as compared to that of the bulk. The band gap apparently

widens because the bands of the semiconductor surface follow the Fermi level of the

tip forming an additional tunnel barrier in the semiconductor with the width of the

depletion layer W . For low doped semiconductors, W is too large and there is no

tunnel current. An additional bias is then needed to reach the conduction- or valence-

band states.

The appearance of ionized impurities in the STM image depends on the imaging

conditions [38]. Depending on the position of the Fermi level in the sample (p-type or

n-type) and type of impurity (acceptor or donor) it may increase or decrease the tunnel

current and, thus, appear bright [24, 39] or dark in the STM image. The charged

impurities always appear as isotropic circular features due to their Coulomb field.

The size of these features is around 2 nm in diameter at half maximum. However,

the width may vary depending on the amount of free carriers on the sample surface

that screen the electrical field of the ion. The potential on the surface σ induced by

a singly charged impurity in the region with charge accumulation is then described
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Figure 2.6: Sample-bias dependent appearance of charged impurities in the constant-
current STM image (in this case the dopants are SiGa donors): (a) 13×11 nm2 (Us =
−1.6 V ); (b) 13× 11 nm2 (Us = +2.2 V ) the same dopant as in (a); (aa) 10× 8 nm2

(Us = −1.6 V ); (bb) 10× 8 nm2 (Us = +1.2 V ); the same dopants as in (aa); (c) line
profiles across the dopants along the atomic rows in the images (a) and (b) through
the centers of the circular features; (cc) line profiles across the dopant pairs in the
images (aa) and (bb) along the direction connecting the centers of the impurities.
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by a so called Yukawa potential:

φσ(rσ) =
e

√

r2
σ + d2

e
−

√
r2
σ+d2

R0 , (2.6.2)

where the impurity is located at a distance d from the surface σ, and R0 is the

screening length. If the screening length is large, the potential has the form of the

unscreened Coulomb field:

φσ(rσ) =
e

√

r2
σ + d2

. (2.6.3)

In this way the screening determines the resolution of charged impurities by STM.

The result of the screening can be seen in figure 2.6. At positive sample-bias the

surface is depleted and the fully ionized dopant appears as a wide bright hillock as in

figures 2.6(b,bb). At negative bias [figures 2.6(a,aa)] there is a layer of accumulated

electrons that partially screen the field of a positive ion. As a result, the dopant

appears more compact.

2.7 I(V) and Z(V) spectroscopy

The usual goal of Scanning Tunneling Spectroscopy (STS) experiments is to probe

the charge density distribution of a sample surface. This kind of measurements is

meaningful only when the tip density of states as a function of energy is known

a priory. Otherwise, the sample DOS does not have a definitive relation to the

tunneling spectrum. If the tip DOS and the tip-sample separation are constant, then

equation 2.5.1 implies
dI

dV
∝ ρs(E

s
F − eV + ε). (2.7.1)

In other words, with a flat-DOS tip, the dynamic tunneling conductance is propor-

tional to the sample DOS. In order to keep the tip-sample separation constant, I(V )

spectra are acquired with the feedback signal switched off.
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One of the major problems in doing tunneling spectroscopy with STM is that the

tunneling current exhibits a dramatic dependence on the tip-sample separation, which

means that the tunneling current varies approximately by one order of magnitude per

one angstrom. Therefore, the measured spectroscopic data need a normalization of

an intensity quantity with respect to energy, rather than it’s absolute value. Feenstra

et al. proposed a parameter, the normalized dynamic conductance3,

g(V ) ≡ d ln I

d ln V
=

dI

dV

V

I
, (2.7.2)

which is a dimensionless quantity.

The second method concerns improving the measurement procedure by keeping

the current at a constant value and setting the feed-back signal high during spectra

acquisition. In this way, the tip-sample distance is adjusted by the system while

varying the sample bias. The measured topography Z as a function of bias V gives

a Z(V) dependence. The weak states near the band edges in such a spectrum are

amplified by the shorter tip-sample separation at low bias. However, due to short

tip-sample separations, the surface may be polluted.

Spectroscopic maps with high energy resolution are time consuming due to long

integration times. This makes it difficult to implement these techniques at room

temperature due to the thermal drift of the piezo-drivers.

2.8 Photo-assisted tunneling

In some cases the structures of interest are grown on insulating substrates. The

absence of free carriers in the sample makes it difficult to establish a proper tunneling

contact between the tip and the sample and usually results in the tip damage. In

order to obtain conductivity in the sample, carriers can be created by illuminating

3This normalization is also called the Feenstra parameter in the literature.
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Figure 2.7: (a) I(V) spectra acquired for various surface illumination-densities.
(b) Tunnel-current spectra as a function of surface illumination-density acquired for
various sample biases.

the sample surface by light with a wave-length shorter than that corresponding to the

band gap of the sample material (i.e. λ < 800 nm). In this way electrons and holes

are created in the sample and both contribute to the conductance. In many cases this

solves the problem of poor conductivity. Such a concept of the laser driven STM was

first demonstrated by Völcker et al. on a graphite surface and suggested the possibility

to use it for insulators [40]. In our experiments a white light source was used instead

of a laser. The inconvenience of this method is the thermal deformation (in the order

of 10−20 nm) of the tip and scanner piezos that may cause an uncontrollable drift of

the scan position. In order to prevent this the illumination intensity should be kept

as low as possible and stable in time.

Because the life time of photo excited carriers is short, the conductivity of such an

electronic system is sensitive to the illumination intensity. The unsteady light can be

also a source of powerful noise in the STM image. For example, the flickering lamps



28 Experimental technique and procedures

powered by AC current introduce significant distortion to the image in the case of

poorly conductive samples. Because of this effect most of the samples discussed in

chapter 3 were measured in the dark.

The qualitative change of the intrinsic GaAs surface photo-conductivity as a func-

tion of light intensity is shown in figure 2.7. In figure 2.7(a) the current-voltage

characteristic is significantly different for various illumination intensities. At low illu-

mination intensity the I(V ) is saturated at high positive sample bias and its shape is

more resembling that of a zero-dimensional structure such as the tip-induced quantum

dot. However, this may also be a sign of a Schottky-type tip-sample contact. At high

illumination intensity the current-voltage characteristic is identical to that observed

on doped semiconductors with good electrical conductivity. Unfortunately, in our vac-

uum system it is difficult to measure the illumination intensity in situ, so the absolute

value of the illumination is unknown. A rough estimation leads to the conclusion that

zero optical density on the sample surface corresponds to 10 µWatt/mm2. For a de-

tailed investigation of tunneling under illumination conditions of a GaAs surface see

reference [41] by Jäger et al..

2.9 Electronic and topographical contrast in STM

(example of a surface step)

The signal recorded by STM usually contains not only information about the variation

of the surface electronic states but also about the surface topography. Therefore, it

is difficult to interpret the STM images. One of the main issues in the analyses of the

STM data is to separate the electronic and topographical contrasts. In the current

work the main attention is put on the analysis of the fine electronic structures. The

electronic contrast depends on the amount of states contributing to tunneling and,
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Figure 2.8: STM images of a monatomic step-edge acquired at reversed sample biases.
The bias is reversed in the middle of the image (bottom Us = +1.1 V ; top Us =
−1.1 V ). Size of the images 11 × 28 nm2. The right bottom corner is the upper
terrace. All images are acquired simulteneously: (a,b) Current-error images with
opposite scan direction marked by the arrows; (c) Constant-current image; (d) High-
pass Fourier filtered image (c).
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thus, on a bias applied between the tip and the sample. In the constant-current mode,

an electronic contrast of an additional state is usually suppressed at high biases and

emerges at low biases. This can be derived from equation 2.5.5 as:

∆Zelectronic ∝ ln

[

1 +
ρstate

ρbg

]

. (2.9.1)

This equation shows that the electronic contrast ∆Zelectronic of the additional state

ρstate on the flat surface will give a change in the recorded topography in the constant-

current mode. When the additional state has a small density of states as compared to

that of the background ρbg, the electronic contrast is proportional to ρstate/ρtotal. Ho-

ever, whatever the small state is, the electronic contrast will not completely disappear

at high bias.

In order to test this, we analyze the appearance of the surface monatomic step in

the constant current-mode as well as in I(V) and Z(V) maps. A surface step is a con-

venient object to demonstrate the interplay between the electronic and topographical

contrasts since the height hse of the (110) surface monatomic step is a known value

(hse = bGaAs
0 /2 = 0.2 nm). Such steps appear naturally due to the excessive energy

put into the sample during cleavage. As a result, this energy is dissipated by the

formation of surface steps. When the amount of torque is minimized the steps appear

well separated, straight and may range up to millimeters in length. Due to the lack

of neighbours and relaxation of the step-edge atoms, steps usually have a different

electronic structure as compared to those of the surface and the bulk. The appearance

of the electronic states in the surface band-gap causes an accumulation of charge and

strong electronic contrast in the STM image as shown in figures 2.8(c) and 2.10.

Fermi level pinning inside the band-gap by cleavage induced steps has been sug-

gested before by Pashley et al. [42] for the GaAs (001) surface. Most probably steps

have amphoteric states in the band-gap since their charge states are inverted for p-

and n-type samples [43]. For unrelaxed {110} surfaces, theory predicts these surfaces
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Figure 2.9: Current-error images of a monatomic step-edge acquired at different sam-
ple biases: (a) 14 × 14 nm2 (Us = −1.7 V ); (b) 8.4 × 8.5 nm2 (Us = 1.2 V ). The
position of the step-edge is marked by the arrow. The right bottom corner is the
upper terrace. In both images the pattern of the surface states drastically changes
around the step-edge indicating upward band-bending due to an electrical field from
the charge localized at the step.
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Figure 2.10: Line profiles across the charged step-edge of (110) surface acquired in
the constant-current mode at different sample biases. The approximate position of
the step-edge is indicated by the dashed line at a distance = 0. The crystal is doped
with Si donors (NSi = 3 × 1018 cm−3).

to have surface states in the band-gap [44]. The buckling behavior, however, removes

the surface states from the gap of a flat surface as discussed in section 2.4. Buckling

of the (110) surface, as a matter of fact involves pairs of nearest anion and cation

rows along the [110] direction. Atoms at the step-edge, however, miss a neighbouring

row on one side. Therefore, the transfer of charge from cation to anion is not possible

since all the states of the neighbouring row are participating in the covalent bonding

and are filled. Thus the relaxation of these step atoms is incomplete and the states

stay in the surface band-gap. According to the electron counting rule, after the cleav-

age for both Ga and As terminated steps, a half filled dangling bond is present in the

first row of the lower terrace. In this case there are 8 valence electrons on average per

each III-V pair of atoms, and both parts of cleaved material are electrically neutral.

Such half filled states are amphoteric and may additionally accommodate both

an electron and a hole in case of n- or p-type semiconductor, respectively. In order
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to eliminate the trapped charge the semiconductor bands are pinned upwards. This

upward band-bending around the step causes the electronic topography in figures 2.9,

2.8 and 2.10.

In order to image weak local variations of the electronic states close to the band-

gap, the sample bias in the constant-current mode should be set at a low value. This

reduces the large background tunneling component from the bulk. Constant-current

STM images of a step-edge for both bias-polarities are shown in figure 2.8(c). At

negative sample bias, the step occurs as an elevation, which is accompanied by a

change in the corrugation pattern around the step. At positive sample bias the step

appears as a depression with a narrow local elevation at the step-edge. The depression

is also accompanied by a change in the corrugation. At both polarities the amount of

change in apparent height decreases with increasing bias. Remarkably, at low positive

bias a local elevation on the background depression appears. It is accompanied by

two rows of atomic-like states separated by the distance of about 0.42 nm ≈ 3
4
a0

forming a zigzag chain. This elevation completely disappears at high bias and only

the depression is observed. In spite of the polar character of the termination, we

observe that both As and Ga terminated step edges in general have similar profiles.

In figure 2.10 the line profiles across the monatomic (110) surface step are shown for

various sample biases. The line (c) shows that electronic contrast does not completely

disappear even at such a high bias as +2.5 V .

Steps on the (110) surface may be of two types depending on the anion (α type)

or cation (β-type) surface layer termination. However, both α and β steps exhibit

similar charging and identical appearance in the the STM image. This once more

supports the amphoteric nature of the surface-step states, the population of which

depends on the Fermi-level of the sample.
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Surface Step 

(a) Before buckling

Surface Step 

Anion V Cation III Half filled dangling bond

[110]

[001]

1: Bulk atoms

3 : SE atoms
2: Surface atoms

3 : SE atoms

(b) After buckling

Figure 2.11: Schematic representation of the anion and cation surface states and
their filling on the cleavage induced {110} surfaces and step-edges (SE): (a) before
buckling; (b) after buckling.
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Figure 2.12: Tunneling spectroscopy at different locations with respect to the step-
edge. Spectra α are taken on the step-edge, β - on a clean flat GaAs (110) surface,
γ, γ1, γ2 are acquired 5 nm far away from the step along the [001] direction. Spectra
γ1, γ2 are acquired on the different sides of the step. (a) I(V) spectra; (b) Z(V) spec-
tra. The step-states contributions are marked by the arrows.
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The upward band-bending around the step-edge can also be traced in constant-

current mode by the change in the surface states pattern as can be seen in fig-

ures 2.8(a,b) and 2.9. The structure of a corrugation pattern appearing in the STM

image is determined by the kind of surface states contributing to the tunnel current in

the energy range given by the difference in the Fermi levels of the tip and the sample.

At negative sample bias [figures 2.9(a) and 2.8(upper part)] far from the step only

the A5 state dominates the corrugation pattern, which appears as localized circular

feature. Closer to the step the mixture of A4 and A5 states appears as stripes along

the [110] direction. At positive bias [figures 2.9(b) and 2.8(lower part)] the corruga-

tion pattern is more complicated, but still shows the upward offset of the bands on

the surface in the vicinity of the step. At far distances, the undisturbed surface shows

corrugations caused by the mixture of C3 and C4 states. Closer to the step only the

C3 state is visible as stripes along [001] direction. The A4 and C4 states are located

deeper in the valence and conduction bands, respectively. Thus, the appearance of

A4 and the disappearance of C4 states confirms an upward band-bending near the

step.

The upward shift of the bands around the step is also found by analyzing the

tunneling I(V ) spectra, shown in figure 2.12(a). Spectrum β is taken on a clean flat

GaAs (110) surface and displays the band gap of GaAs of about Eβ
g = 1.7 eV . The

band gap is apparently wider, because of the low doping concentration of the sample

with Ndonor ≈ 3 × 1018 cm−3. This effect is discussed in details in section 2.6. In

spectra γ1 and γ2, taken about 5 nm far away from the step on both sides of the

step, the band-gap is shifted upwards by about ∆Eγ = 0.5 eV . Spectrum α is taken

right on the step-edge. The band gap here is significantly narrower Eα
g = 0.9 eV as

compared to that of the flat (110) surface. The contributions of the gap states far

from the band edges are clearly visible in both empty and filled states tunneling.

In the constant-current STM images the electronic and topographical contrasts
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are both present. This makes it difficult to analyze the obtained data. To separate

the electronic contrast from topography, Z(V ) spectroscopy was used while keeping

the current at a constant value. In this mode the image is composed of the tip dis-

placements from the reference level obtained at high sample bias, where the contrast

is determined by the real topography only. Atomically resolved topographical images

were taken simultaneously with Z(V ) spectra at each point of the image. Typical

Z(V ) curves acquired in the constant-current mode are shown in figure 2.12(b). As

in the tunneling I(V ) spectra, here spectrum γ shows upward band pinning and spec-

trum α displays the presence of the states in the band gap. The electronic contrast

of the step-edge state in the Z(V ) spectrum is much stronger than that in the I(V ).

This is due to a smaller tip-sample separation at low sample bias.

The position of the step state can be clearly identified in Z(V ) spectroscopic maps

at both sample polarities shown in figure 2.13. The step state has a sharp shape and

is narrow as compared to the Coulomb induced elevation (depression) around the

step at the negative (positive) sample bias. An asymmetry of the electronic profile is

observed in the whole range of applied bias (positive and negative), where the change

in height extends further on the upper terrace.
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Chapter 3

Observation of the Mn
wave-function in GaAs

3.1 Introduction

Despite of long time successful use of cross-sectional STM for imaging the electronic

structure of point defects in semiconductors, only very little attention was paid to the

investigation of deep levels in semiconductors by this technique. So far, the only one

available is a study of the AsGa double donor, which is usually called arsenic antisite,

first studied with X-STM by Feenstra et al. [45]. The anisotropic appearance of the

As-antisite wave-function is well understood in the framework of a sp3−hybridization

model [46, 47]. Until 2002 no STM studies were available of unconventional impurities

in III-V semiconductors such as Mn, Cr, etc. Only recently, these impurities became of

a great interest in connection with their use for making semiconductors ferromagnetic.

The first STM work on a single Mn acceptor in GaAs was performed by Tsuruoka

et al. in 2002 [48]. However, in that work, the Mn was observed only in the ionized

configuration. One year later, the anisotropy of Mn in InAs was observed by Arseev

et al. at 5K and was attributed to a Coulomb singularity [49].

The anisotropic appearance of shallow acceptors in the STM images was noticed

39
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already in 1994 at room temperature by Zheng et al. [16] and later at 5K by de Kort

et al. [17]. In the latter work Zn and Cd (both belong to ”group II” in the periodic

table of elements and have identical valence shells) were found to appear as identical

triangular features on the (110) surface of GaAs and InP. However, at that time,

those anisotropic features were not attributed to the acceptor wave-functions.

The work presented in this and the next chapters was published in references [50,

51], where the anisotropic feature for Mn in GaAs was observed and clearly ascribed

to the acceptor wave-function. The theoretical analysis in the reference [51] did not

take into account the chemical nature of the Mn acceptor and the anisotropy was

suggested to be a general property of all acceptors in III-V semiconductors including

shallow ones such as Be. And it was indeed reported half a year later for Be as

well [52].

In this chapter we first present measurements of the spatial mapping of the

anisotropic wave function of a hole localized at a Mn acceptor. To achieve this,

the STM tip was used not only to image the Mn acceptor but also to manipulate its

charge state A0/A− at room temperature. Further, we use tunneling and photolumi-

nescence spectroscopy to prove that the cross-like feature is indeed related to the Mn

acceptor. Finally, we analyze the symmetry properties of the observed wave-function

and compare it with the other acceptors in III-V semiconductors.

3.2 Observation of Mn in GaAs by X-STM

The measurements were performed on several samples using chemically etched tung-

sten tips as discussed in section 2.3. The samples typically consisted of a 0.5−1.2 µm

thick layer of GaAs doped with Mn at 3 × 1018 cm−3 grown by MBE on an intrinsic

or Zn-doped (001) GaAs substrate. The growth temperature of 580 oC was chosen to
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Figure 3.1: Energy-band diagram illustrating the charge manipulation of the acceptor
state A−/A0 and tunneling process between tungsten tip and GaAs (110) surface in
the presence of a tip induced band bending: (a) negative sample bias, filled states
tunneling; (b) positive sample bias, empty states tunneling.

prevent the appearance of structural defects such as As antisites, which would com-

plicate the spatial mapping by shifting the position of the sample Fermi level. The

concentration of the Mn dopants was low enough to exclude Mn-Mn interaction and

an impurity-band formation. The used samples were usually insulating below 77 K.

The experiments were performed in a room temperature UHV-STM with pressure

P < 2 × 10−11 torr on an in situ cleavage induced (110) surface. In the case of

insulating substrate, white light was used to introduce free carriers to the sample as

discussed in section 2.8. This did not influence the appearance of Mn in the STM

image.

The Mn acceptor was studied in both its ionized and neutral configurations. The

charge occupation of the acceptor state was manipulated by the band-bending induced

by the bias applied between the STM tip and the sample. This process is schemat-

ically shown in figure 3.1. When the sample bias is negative, the bands are bended
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(a)

U=-1.1 V

[001]

[1-10]

10 nm

(b)

U=+1.1 V10 nm

Figure 3.2: Constant-current STM images of the same area 70 × 70 nm2. The Mn
dopants are either in their (a) ionized (Us = −1.1 V ) or (b) neutral (Us = +1.1 V )
charge state. Both images display Mn related electronic contrast. In the image (a)
the contrast is dominated by the Coulomb field influence of the negatively charged
MnGa ions on the neighbouring states of the valence band available for the tunneling.
In the image (b) the bright anisotropic features appear as soon as the acceptor state
is available for the tunneling. The brightest ones have a strong electronic contrast,
as big as 9 Å.

downwards [figure 3.1(a)]. Together with the bands the Mn-acceptor level is pulled

below the Fermi level of the sample. In this way the acceptor is ionized. If the bias is

reversed and is high enough to induce upward band-bending, the Mn acceptor state

is above the Fermi level. In this way the Mn acceptor becomes neutral [figure 3.1(b)].

When the concentration of acceptors is low (as in our case NMn ≈ 3×1018 cm−3), the

band-bending extends further than 50 nm and provides enough spatial scan range to

keep the Mn in the same charge state while scanning.

The voltage dependent appearance of the Mn acceptor is first studied in the

constant-current mode. In the ionized configuration at high negative sample bias

Mn appears as an isotropic circular elevation. This electronic contrast occurs due
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(a)

U=-1.1 V1.6 nm

(b)

U=+0.7 V0.8 nm

Figure 3.3: (a) 10 × 10 nm2 (Us = −0.7 V ), constant-current image shows round
isotropic elevation induced by ionized manganese; (b) 6 × 6 nm2 (Us = +0.6 V ),
constant-current image of a neutral manganese. Due to the particular tunneling
conditions a distinct resolution is achieved and both As (big round features) and Ga
(small round features) atoms are visible in the image. The symmetry and the contrast
of the feature indicate that Mn dopant is located in the 5th subsurface atomic layer
(counting surface layer as zero).

to the influence of the Coulomb field of the A− ion on the valence band states [fig-

ures 3.2(a) and 3.3(a)]. This agrees with a recent study of the individual Mn in GaAs

in the ionized configuration by Tsuruoka et al. [48]. The appearance of the Mn in the

ionized configuration is similar to that of the other charged centers in GaAs, such as

Si donors discussed in section 2.6. It is found that at positive sample bias, Mn is elec-

trically neutral. This can be seen from the absence of the electronic contrast at high

positive bias (Us > 1.5 V) when the empty states of the conduction band dominate

tunneling (see the positive branch of the I(V ) curve in figure 3.8). At low positive

bias, where the tip Fermi-level is below the conduction band edge, Mn appears as
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Figure 3.4: Shift of the surface states along the [001] direction in the image (a)
is ∆Ga−As ≈ 0.14 nm ≈ 1

4
a0. Sample bias is indicated by the numbers in Volts.

Orientation of the sample is the same as in figure 3.3

a highly anisotropic cross-like feature [figures 3.2(b) and 3.3(b)]. The lowest possi-

ble positive sample-bias, at which the tunneling was possible in the constant-current

mode, was Umin
s = +0.6 V at the current set-point ISP = 0.1 nA. From this, the

value of the flat-band potential UFB was determined as UFB ≈ +0.6 V . The same

value for the flat-band potential can be obtained from the tunneling I(V ) spectra

in figure 3.8 or deduced from the difference in the tungsten workfunction and GaAs

electron-affinity.

The concentration of the dopants observed in the STM measurement corresponds

to the intentional 3×1018 cm−3 doping level. All of the observed dopants can be found

either in the ionized A− or the neutral A0 charge state depending on either negative

or positive sample bias respectively. In the experiment we identify manganese atoms

located at least in 6 different layers under the (110) surface. In order to determine

the actual position of the Mn dopants we have analyzed the intensity of the electronic

contrast of the Mn related features along with their symmetry.

It is important to note that the symmetry of the cross-like feature is recognizable
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without atomic resolution. This is an important observation for future measurements

with spin-polarized STM tips that usually give no atomic resolution1.

Figure 3.3 shows a single Mn in GaAs in its (a) ionized and (b) neutral charge

state. The manganese is located in the fifth subsurface layer (counting surface layer as

zero)2. The cross-like feature is modulated by the lattice of the crystal. Remarkably,

in the image 3.3(b) both Ga and As sublattices are resolved. The large circular

features are presumably As related surface states (dangling bonds A5) and the small

circular features are Ga related states (dangling bonds C3). Under these imaging

conditions, the Fermi level of the tip is far below the conduction band bottom. Thus,

tunneling is possible only through the valence band states. Therefore, the arsenic

related states should dominate tunneling. In order to test this, the lattice of the

same sample is imaged at different sample biases. In the first test [figure 3.4(a)] the

sample bias is kept positive and is switched during scanning in a way that the position

of the tip Fermi-level is moved from above the conduction band minimum to the one

below and back. This results in a considerable apparent shift of the surface rows

caused by the switch from Ga sublattice to As and back (∆Ga−As ≈ 0.14 nm ≈ 1
4
a0).

In the second test [figure 3.4(b)] the tip Fermi level is moved from the position in

the energy gap to a position below the valence band maximum. This switch does

not cause a shift in atomic rows. This further confirms that As related states are

dominant in the image 3.4(b) as well as in 3.3(b).

In the image 3.3(b) there is an apparent shift of atomic rows towards the [001]

direction. This shift was observed to be as large as 2.5 Å even when the dopant

is located as deep as in the fifth sub-surface layer. Since this corrugation change

appears only at low positive biases and is not observed at higher ones, we conclude

that it has an electronic origin and is not related to a reconstruction or considerable

1Only recently atomic resolution was achieved with spin-polarized tips [53, 54].
2In the papers [50, 51, 55] we assigned the location layer to be the 3rd one, however, later we

found out that the actual layer is the 5th one.
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Figure 3.5: (a) Model of the (110) surface. The relaxation of the surface atoms is
neglected. Two possible appearances of the Mn wave-function on the cation and
anion sub-lattices are indicated. (b) Lineprofiles along the [110] direction across the
cross-like feature shown in figure 3.3(b).
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Figure 3.6: STM images of two manganese acceptors located in different subsurface
layers. Size of the images is 11 × 13.5 nm2. Images in the left(right) column are
acquired with scan direction from left to right (from right to left) indicated by the
arrow. The contrast is adjusted so that the influence of the Mn on the outlying crystal
lattice can be seen. (a-d) Constant-current mode; (e,f) Current-error signal.
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4.3 nm

Figure 3.7: Image displays several Mn dopants in the neutral configuration located in
different subsurface atomic layers. The weaker the contrast of the feature the deeper
it is located under the surface. The image is taken at Us = +0.8 V .

lateral displacement of atoms. Surprisingly, this shift of the rows is always stronger

on the right side of the Mn [for the crystal orientation shown in figure 3.5(a)]. This

is observed repetitively for different scan directions and different feed-back strengths.

From this we conclude that this effect is not caused by the tip state. Most probably

it is related to the switching between the Ga and As surface states, through which

the tunneling occurs.

The apparent shift of atomic rows can be distinctly seen in the current-error images

shown in figure 3.6(e,f). Remarkably, the influence of the Mn acceptor on the surface

states occurs even at very far distances where no increase in the electronic contrast is

observed. The small modifications of the surface states can be traced as far as 5 nm

from the center of the cross-like features for both scan directions.

In order to check whether the Mn wave-function observed in the STM experi-

ments resembles that of the bulk-like Mn, the depth dependence of the wave-function

appearance is analyzed and compared to that simulated in chapter 4. The observed
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elongation of the wave function with increasing depth in the experiment is perfectly

reproduced in the calculation of a bulk-like acceptor. In chapter 4, it will be shown

that this elongation and transformation of the cross-like shape into a line-like shape

for large depths is an apparent geometrical effect. Thus, we conclude that the ob-

served feature is a signature of an anisotropic bulk-like wave-function.

3.3 Spectroscopic signature of Mn in GaAs

In order to prove that the cross-like feature is related to the Mn acceptor, a number

of tests was performed. The concentration N of the dopants observed by the STM

corresponds to the intentional Nint = 3×1018 cm−3 doping level. The current-voltage

characteristic obtained locally on a clean GaAs surface next to the dopant and in the

region of the cross-like feature is shown in figure 3.8. The bias set-point was selected

at USP = +1.6 V to ensure the equal tip-sample separation everywhere in the image.

At this sample bias, the Mn is in its neutral configuration and hardly contributes to

the tunneling current. The solid line, acquired far away from the dopant, displays

a band-gap of GaAs EGaAs
g = 1.5 V and a p-type conductivity in the sample. The

dashed line is acquired above the Mn and displays a number of features in the band-

gap of GaAs, which will be discussed below.

The interpretation of tunneling I(V ) spectra is usually a matter of debate because

of many unknown parameters such as actual position of the Fermi level at the sample

surface, the tip-sample distance and the tunneling matrix. The actual width of the Mn

acceptor state is much narrower than that observed in the tunneling I(V ) spectrum at

a positive bias. This is because the tunnel current is proportional to the convolution

of the Mn states with broad tip states. This apparent broadening of the tunneling

spectra was observed first for oxygen acceptors on GaAs (110) surfaces [56]. If we

assume for simplicity that the Mn states have a delta-like spectrum in energy, then
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Figure 3.8: Local Tunneling Spectroscopy. The set point has been selected at Us =
+1.6 V and 100 pA. At each point of the image an I(V ) spectrum is taken. At the set
point bias the electronic contrast of the cross-like feature is almost absent, thus the
tip-sample distance remains constant for each spectra. The solid line represents the
spectrum taken on a clean GaAs (110) surface away from Mn that displays a band
gap of about 1.5 eV ; dashed line - spectrum acquired on the Mn. In the area of the
cross-like feature an extra current-channel appears in the band gap at low positive
voltages above the flat band potential approximately indicated by the arrow.

equation 2.5.1 for the tunnel current takes the form

ISTM(eV ) ∝
∫ Es

F
−EFB

eV

δ[ε − EMn − EBB(ε)] · ρt(ε)|M |2dε, (3.3.1)

where EBB(ε) is the surface band bending and the energy is counted from the tip

Fermi-level. Even though the manganese has a narrow distribution in energy, it

contributes to tunneling in the whole energy range above the flat band EFB. The

ionization energy of the Mn acceptor is determined from the I(V ) spectrum at neg-

ative sample bias as an offset of the current threshold. The value obtained from the

spectrum in figure 3.8 is ESTM
Mn ≈ 100 meV . However, this number should be cor-

rected for the upward band-bending caused by the Coulomb field of the charged Mn
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Figure 3.9: (a) Photoluminescence measured at 5 K. The sample was grown by
MBE on an intrinsic [001] oriented substrate with approximate concentration of Mn
NMn = 1 × 1018 cm−3. The sample was used for X-STM measurements, in which
the cross-like shape of the single Mn acceptor was observed. The spectrum displays
a clear signature of the Mn acceptors located on Ga sites in GaAs, similar to that
observed in Ref. [9]. (b) High resolution photoluminescence at 5 K of the same sample
as in (a).
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Table 3.1: Observed energy values for phonons compared to data from the literature.

E5K
LO(eV ) E5K

TA(eV ) E5K
g (eV ) E5K

Mn USTM
FB (V )

GaAs(Literature [9]) 0.036 0.0094 1.519 0.113 -
GaAs(Measured) 0.036 0.0100 − 0.111 ≈ +0.6

at a negative sample bias. Then the binding energy is decreased and may be esti-

mated as 90−95 meV . Taking into account all the uncertainties in the interpretation

of the tunneling I(V ) spectrum, this value matches well to the that of the bulk Mn

(Ebulk
Mn = 113 meV ).

Figure 3.9 shows the photoluminescence (PL) spectra at 5 K of MBE grown Mn

doped GaAs with an approximate concentration NMn = 1 × 1018 cm−3. This is one

of the samples used for the X-STM measurements, in which the cross-like shape of

a single Mn acceptor was observed. The spectra display a clear signature of the Mn

acceptors located on Ga sites in GaAs, similar to the spectra observed in the refer-

ence [9]. The most intense peak occurs at 1.409 eV and corresponds to the ionization

energy of the Mn acceptor in GaAs located on a Ga site. A number of shoulders

that are LO and TA phonons appear below the main peak. These multiple phonon

replicas indicate that the Mn is well bound to the host crystal, confirming it’s substi-

tutional position in the lattice. There is no evidence for a significant presence of other

defects in these spectra, except for the imperceptible line at 1.49 eV corresponding

to a minor number of shallow acceptors such as C, Zn or Be (see figure 3.9). The

concentration of these impurities is about Nother < 1×1016 cm−3, which is at the level

of crystal-growth quality-limits of MBE. Such concentrations are hardly noticeable

with STM.
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3.4 Symmetry of Mn wave-function

Based on the symmetry of the cross-like feature imposed on the surface lattice, it

is possible to distinguish whether the Mn dopant is located in an even or odd sub-

surface layer. At any depth the shape of the cross-like feature has clearly a one-fold

Cs symmetry with a mirror axis along the [001] direction. The cross-like features

are elongated along the [001] direction. This elongation is stronger for the features

induced by Mn dopants lying deeper under the surface [see figures 3.7 and 3.2(b)].

The cross-like feature is weakly asymmetric with respect to the [110] surface di-

rection (see figure 3.10 for the line-profiles). The symmetry of the (110) surface as

well as the surface buckling can be the cause of this distortion. For the orientation of

the crystal given in figure 3.5(a), the left-hand part of the cross-like feature extends

further away than the right-hand one. Here the presence of two independent effects

should be mentioned. First, the fact of the anisotropy itself, which is originating

from the cubic symmetry of the host crystal, as will be shown in chapter 4. Second,

an evident reduction of the reflection symmetry with respect to the [110] direction.

It occurs due to the absence of inversion symmetry in III-V zinc-blende compounds,

such as GaAs, as well as due to the buckling of the (110) surface that enhances the

effect. The orientation of the larger part is the same as that of the triangular features

induced by Zn and Cd dopants in GaAs reported in the references [16, 17]. Remark-

ably, the corrugation change of the surface states is stronger in the area of the smaller

part than in the larger part [see figure 3.3(b)].

If the surface relaxation is neglected, the mirror symmetry breaks down due to

the modulation of the envelope functions of the localized state by the Bloch states.

However, the cross-like feature may appear in the STM image with a higher symmetry

depending on whether an anion or a cation sublattice is imaged. For example, on the

cation sub-lattice the wave-function should show the mirror symmetry with respect
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Figure 3.10: Line-profiles across the cross-like feature shown in figure 3.11(a):
(a) along [001] direction. Thick line - upper part from the center, thin line - lower
part from the center; (b) along [110] direction. Thick line - left-hand part from the
center, thin line - right-hand part from the center.

to both [001] and [110] directions. In our experiments, indeed, on the cation sub-

lattice, the wave-function appears with nearly perfect C2v symmetry. The fact that

the symmetry of the wave-function remains Cs in all cases can probably be explained

by the shift of the surface layer along the [001] direction as discussed in section 2.4.

The surface effects of the symmetry breaking is more pronounced in STM images from

the impurities located closer to the sample surface [see for example figure 3.7(a)].

The anisotropic appearances of shallow acceptors in GaAs, such as Zn, Cd [16, 17],

C [18] and Be [52], were recently observed by X-STM. Unlike Mn, these impurities on

the (110) surface induce triangular features, which extend over 4−5 lattice constants

of GaAs. It is important to note that C and Be have no d atomic shells. This

suggests that, in general, the anisotropy of the wave-functions for these acceptors
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does not originate from their atomic d shell.

We suggest that these triangular features are the manifestation of the same phe-

nomena as in the case of Mn. Similar to that observed for the Mn, the reduction of

symmetry for these acceptors from C2v to Cs is caused by the symmetry properties of

{110} surfaces. The only difference is that the symmetry breaking effect is stronger

for these acceptors, since they have much smaller binding energies than that of Mn.

3.5 Mn wave-function in the reciprocal space

The anisotropy of the acceptor state is most evident in a reciprocal-space represen-

tation. In figure 3.11(b) we present the Fourier spectra of the experimental image

shown in figure 3.11(a). Note the presence of the satellite harmonics which arise from

the steep fall off of the wave-function in the [001] direction.
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Figure 3.11: (a) 18×18 nm2 (Us = +0.9 V ), constant-current image shows the spatial
anisotropy of manganese in the neutral configuration. The electronic contrast of the
feature is about 9 Å; (b) Fourier transform of the image (a). The peaks corresponding
to lattice constants in [001] and [110] directions are marked as a0 and b0, respectively.



Chapter 4

Theory

4.1 Introduction

A reliable theoretical description of deep centers has been one of the major challenges

faced by the solid-state theory in the last thirty five years [57]. Several semiempiri-

cal [58, 59] and first-principles theories [60, 61, 62] of deep levels have been developed,

in order to compute the properties of deep centers in semiconductors. However, these

methods usually require assumptions about the local bonding configuration of an

impurity to the host crystal. Thus, these methods are more used to describe the

experimental results rather than herald novel properties. Moreover, in the past most

of the attention was paid to the position of the energy levels rather than to the

description of the spatial properties of the wave-functions.

The aim of this chapter is to qualitatively describe the observed anisotropy of

the Mn wave-function from the simple symmetry principles and to identify what

determines this symmetry. We use two different models, both suggesting that the

cubic symmetry of the host crystal is responsible for this anisotropy. In the effective-

mass approximation (EMA) we search for a solution of the acceptor ground-state

envelope-functions that satisfy the symmetry properties of the Hamiltonian of the

GaAs valence band, assuming strong spin-orbit interaction. In order to achieve the

57
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radial distribution of the wave-function we use the method of zero-range potential,

parameterized by the acceptor binding energy Ea. A single fitting parameter η is

then introduced to discriminate between the cubic harmonics of different symmetry.

The tight binding calculation assumes the anisotropy of the local binding potential as

suggested by Vogl and Baranowski [63] and further computed by Tang and Flatté [64].

The valence-band hole bound by such a potential will have then anisotropic shape

even without spin-orbit interaction.

The calculations discussed in this chapter are done for the bulk-like Mn acceptor

not taking into account the presence of the surface and potential barrier of vacuum.

The cross-sections by the imaginary (110) surface of wave functions calculated in this

way are then compared to those measured by X-STM.

In general, the experimental data acquired with STM is a two-dimensional sig-

nature of the whole three-dimensional wave function. As discussed in sections 2.5

and 2.9, the interpretation of the STM data is usually a matter of debate due to

many unknown parameters such as the tunneling matrix (see table 2.1), the tip-

sample separation and the position of the Fermi level at the sample surface. One

should realize that STM never observes the complete structure and the size of the

wave-function. It only observes the signature as can be seen from a different angular

appearance of the cross-like feature as a function of Mn depth [see, for example, fig-

ures 3.2(b) and 3.7]. Thus, the second challenge of this chapter is a reconstruction of

the total bulk-like wave function from its surface signature.

It should be specifically mentioned that in our experiments the Mn acceptor

was studied by more than 120 STM tips prepared by etching and subsequent ion-

bombardment as well as by etching and further sharpening by selfsputtering (as dis-

cussed in section 2.3). In all samples discussed in chapters 3 and 6 the Mn-acceptor

state always appeared as a cross-like feature and never otherwise. This statistics is

sufficient to conclude that the anisotropic appearance does not originate from the
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symmetry of the tip p− or d−state as also shown by the equation 2.5.2.

Finally, the effect of the host crystal parameters, such as holes masses, on the

acceptor wave-function similar to Mn and their possible appearance on the {110}
surfaces of other III-V hosts is discussed.

4.2 Mn electronic configuration in GaAs

Transition metals usually exhibit several deep states in the band-gap of GaAs. These

states originate from the d-shell of the transition metal impurity and are usually de-

coupled from the bands of the semiconductor host. These states are usually acceptors

and are electrically inactive due to the large ionization energy as compared to kT .

This property is used for the fabrication of perfect semiconductor based insulators [65]

and nonluminescent components.

Most transition metals in cubic semiconductors are found to form centers with

tetrahedral symmetry, which implies that the transition metals occupy substitutional

sites (see, for example, one of the first ESR measurements on Mn in Si [66]). The

experimental data for various transition metals are found to be consistent with the

following simple model. The five orbital states available to d-electrons in a free atom

split into a triplet and a doublet when the atom finds itself in the field of tetrahe-

dral symmetry in a tetrahedrally-bonded semiconductor, such as Si, GaAs etc. If the

splitting between these two levels is small, then the available electrons are distributed

in the different d-orbitals so as to maximize the net orbital spin while satisfying the

Pauli exclusion principle (Hund’s rule). For substitutional transition-metal impuri-

ties, the same model was found consistent with the ESR data by assuming that the

d-shell is split into states of E- and T2-symmetry and a number of d-electrons to be

transferred to the valence shell in order to complete the tetrahedral bonding to the

four nearest neighbors.
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Manganese in GaAs is a very exception impurity among the other transitional

metals. In various experiments it displays the characteristics of not only a deep and

tightly localized, but also of a hydrogen-like acceptor that can be described well in

the frame-work of the effective mass approximation.

Depending on the concentration, host crystal and position in the crystal lattice,

manganese can potentially form different electronic configurations. First, it can be

an ionized acceptor A− in the Mn2+3d5 electronic state. Second, the neutral acceptor

state A0 can be formed by a negatively charged core in the 3d5 configuration weakly

binding a valence-band hole forming a (Mn2+3d5+hole) complex. This is the situation

when Mn 3d orbitals are well localized and are far from the valence band top. This

configuration we will call further for convenience ”Model 1”. In model 1 the weakly

bound hole in the ground state occupies a hydrogen-like Bohr orbit 1S3/2 while the

3d core retains its electronic configuration as compared to that of a free Mn atom.

This shell has 5 electrons residing in a 6A2 pure spin state, which is isotropic. This

shell does not participate in bonding to the crystal and is independent of the valence

band. The four-fold degenerate state of a valence-band hole may be splitted by

the exchange interaction between the hole spin, Jh = 3/2, and that of the 3d5 core,

S = 5/2. The value of this splitting was determined indirectly in various experiments.

The value of a total splitting between the lowest (J1 = S − Jh = 1) and the highest

(J4 = S + Jh=4) levels determined from a shift in Raman spectra is 19 meV [67] and

from magnetic susceptibility and piezospectroscopy is 36 − 45 meV [68, 69]. Third,

a neutral configuration 3d4 can occur if a hole enters into the d-shell of Mn. This

configuration we will call ”Model 2”. Finally, Mn interstitial was found to act as

a double donor [70, 71]. In the interstitial configuration, Mn orbitals cannot form

covalent bonds to the neighboring atoms and are only weekly coupled to the host

crystal.

In photoluminescence, optical adsorption and photoconductivity experiments the
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Mn acceptor displays not only the ground state at 113 meV above the valence band

of GaAs but also a number of bound shallow excited states, the positions of which as

well as their intensity can be well accounted for by the effective-mass theory in terms

of a hydrogen-like impurity (see, for example reference [7]). The Mn related electron-

spin-resonance signal [11] suggests that Mn in the neutral configuration behaves as a

conventional acceptor in GaAs supporting the ”model 1”.

On the other hand, magnetic susceptibility [72, 73] and Faraday-rotation mea-

surements [74] were interpreted as the evidence that Mn is a typical 3d acceptor with

the hole bound in the 3d shell. In spin-flip Raman scattering measurements, the 3d4

configuration of Mn appears together with the (3d5 + hole) configuration in a wide

range of Mn concentrations 0.006 ≤ x ≤ 0.08. The 3d4 configuration appears as

a crossed-polarized line in the Raman spectrum abruptly above 90 K and shows a

temperature dependence up to 180 K [67].

So far, both models coexist in the literature and a choice of one is a matter

of convenience for the description of a certain experiment. Thus, the situation is

controversial and the construction of the ground state of neutral Mn in GaAs remains

an open issue.

4.3 Effective-Mass Approximation (EMA)

In this section we consider the Mn acceptor to be a true sp−bonded impurity similar

to common shallow acceptors in GaAs, such as Be and Zn. The Mn3d orbitals are

thus assumed to be localized core states whose contribution to the formation of the

acceptor state is neglected. The electronic structure of such a Mn is schematically

shown in figure 4.1(b) and corresponds to ”model 1” defined in section 4.2. Further,

we neglect here the coupling between the spin of the hole, Jh = 3/2, and that of the

3d5 core, S = 5/2, since the splitting of the ground state is of the order or less than
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the thermal broadening of the energy spectrum at room temperature.

It is known that the Schrödinger equation allows solutions expressible in analyt-

ical form in only a few cases. The stationary Schrödinger equation can be solved

analytically for the harmonic oscillator, for a particle moving in a Coulomb field

or in a rectangular potential well, and in some other cases. Even the one-particle

Schrödinger equation cannot be solved exactly for the great majority of potentials.

In the case of a deep impurity, such as Mn in GaAs, the potential is no longer of

a pure Coulomb type because of the compact localization of the hole wave-function

that screens the potential. The resulting short-range potential is in general unknown

and is determined by the local bonding configuration between the impurity and the

nearest neighbours. In this section, we use the method of zero-range potentials [75]

and ignore the charge of the center. The advantage of this method is that the real

potential is substituted by an effective square potential, the width of which is defined

by the known boundary conditions for the wave function and by the observable ion-

ization energy of the center. Such a square potential allows for an analytical solution

and the envelope functions can be written in an explicit form.

The first application of this method for the problem of two interacting particles

was made in nuclear physics in 1936 by Fermi, who described the interaction between

a neutron and a proton by means of a δ-function [76]. However, the mathematically

correct formulation of the problem by introducing the boundary conditions was done

only in 1947 by Breit [77]. In a number of cases, in which the physical phenomena

are determined by the form of the carrier wave function at distances greater than the

effective Bohr radius, the model of zero-range potential adequately describes not only

deep levels but also the ground state of a Coulomb center [78]. This model gives a

good description of some actual deep acceptors [78, 79] if the following condition is

satisfied:

a∗
B � α−1 � a0. (4.3.1)
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Here a∗
B is the effective Bohr radius of the carrier, a0 is the lattice constant, and

α is the characteristic scale that determines the decrease of the wave function with

distance from the center. The scale α−1 is related to the ionization energy E0 of the

center, which in the method of zero-range potential is not calculated but regarded

as a parameter. In other words, the condition a∗
B � α−1 means that E0 � E∗

B,

where E∗
B is the effective Bohr energy that determines the ionization energy of the

Coulomb center. In GaAs the ionization energy of a true Coulomb acceptor is 30 meV ,

which is indeed much smaller than that of the Mn acceptor under consideration

(EMn = 113 meV [9, 7]).

We first begin with an acceptor description in a spherical approximation. When

the spin-orbit splitting ∆Eso in the host crystal is much larger than the ionization

energy of the acceptor

∆Eso � Ea (4.3.2)

(in our case ∆EGaAs
so = 340 meV and EMn = 113 meV ) we may solve the problem in

the four band approximation neglecting the contribution from the split-off bands. In

this case, if the corrugation of the isoenergy surface of the valence band is ignored,

the Hamiltonian [80] has the form:

Ĥ =
1

2m0

[(

γ1 +
5

2
γ

)

p̂2 − 2γ(p̂Ĵ2)

]

, (4.3.3)

where m0 is the mass of the free electron; p is the momentum operator; J is the angular

momentum operator; γ = (3γ3 + 2γ2)/5, where γ1, γ2, γ3 are the band parameters

introduced by Luttinger.

ml = m0(γ1 + 2γ)−1, ml = m0(γ1 − 2γ)−1, (4.3.4)

where ml and mh are the masses of the light and heavy holes respectively.

The wave function satisfying the symmetry properties of the Hamiltonian 4.3.3

and a spherically symmetric potential for the total angular momentum 3/2 (ground
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state) has the form:

Ψ3/2(r, θ, ϕ) = 2
∑

L=0,2

(−1)L−3/2+MRl(r)
∑

m, µ

(

L 3/2 3/2

m µ −M

)

Yl,m(θ, ϕ)χµ, (4.3.5)

M = ±1/2,±3/2,

where Yl,m are spherical functions; χµ are the Bloch functions at the top of the

valence band; µ takes the values ±3/2,±1/2; and a 2 × 3 matrix under the second

sign of summation gives the vector addition coefficients or so called Clebsch-Gordan

coefficients1. The meaning of this symbol is to represent a two quantum system

of a spin and an orbital momentum as a linear combination of different angular

motions (in this case L = 0 and L = 2). In other words, equation 4.3.5 gives the

angular dependence of the total wave-function of such a system. This formula gives

a general description of the symmetry properties of the acceptor ground state when

the ionization energy of the acceptor is much smaller than the band-gap Ea � Eg.

The total wave function is a four-fold degenerate and the projections written in the

basis of χµ have the form:

Ψ
3/2
3/2(ϕ, θ, r) =

1
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The functions Ψ
3/2
−1/2 and Ψ

3/2
−3/2 are Kramers conjugates of Ψ

3/2
1/2 and Ψ

3/2
3/2, respectively.

1In literature these coefficients are also termed Wigner 3j symbols.
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Formula 4.3.6 shows that the angular dependence of an acceptor ground-state con-

tains not only s-like but also d-like components2. These components have a different

radial dependence given by R0(r) and R2(r). In the method of zero-range potential,

the following boundary conditions are used to determine the form of the functions

R0(r) and R2(r) for a hole at the Mn acceptor:

1

r〈ΨM〉
∂

∂r
(r〈ΨM〉)|r→0 = −α, (4.3.8)

〈ΨM〉 =

∫

Ψ
3/2
M Y0,0d

2Ω, (4.3.9)

Ψ
3/2
M → 0, r → ∞, M = ±1/2,±3/2,

where α is a parameter that determines the ionization energy E0 of the center.

Then with allowance for the normalization of Ψ
3/2
M the functions R0 and R2 have

the form [83]:

R0(r) =
C0

r

[

βe−qr
√

β + e−qr
]

, (4.3.10)

R2(r) =
C0

r

[

βe−qr
√

β

(

1 +
3

qr
√

β
+

3

q2r2β

)

− e−qr

(

1 +
3

qr
+

3

q2r2

)]

, (4.3.11)

C0 =

√

q

β
√

β + 1
, β =

ml

mh

, q =

√

2mhE0

~2
. (4.3.12)

The dependence of the energy level on the parameter α is given by

E0 =
α2

~
2

2mh

(

β + 1

β
√

β + 1

)2

, q = α
β + 1

1 + β
√

β
. (4.3.13)

The parameters of GaAs and other III-V semiconductors are listed in table 4.1. For

calculation of Mn in GaAs the set of parameters (a) was used. For these parameters

the contribution of s-like and d-like parts in the ground state of Mn are 68% and 32%,

respectively. These numbers depend on the light- to heavy-hole mass ratio β of the

host III-V crystal. For this set of parameters, βGaAs = 0.132. The use of other sets of

2A similar function was obtained by Baldereschi and Lipari for Coulomb acceptors in the spherical
approximation [81, 82]. The ionization energy and radial functions were obtained variationally.
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Figure 4.2: (Main figure) Envelope functions r · R0(r) and r · R2(r) for Mn in GaAs
calculated using the zero-range potential model. The value of the parameter α−1

for Mn in GaAs is indicated by the vertical dashed line. (Inset) Calculated ratio
R2(r)/R0(r) as a function of distance for acceptors with various binding energy in
GaAs (solid lines) and for acceptors with the same binding energies Ea = 0.113 eV
in materials with various hole mass ratio β (dashed lines).

Luttinger parameters for GaAs, such as set (b), gives a slightly smaller contribution

of the d-like component (about 1.5% smaller) and thus weaker anisotropy as well as

stronger localization of the wave-function.

The dependence of the radial components R0(r) and R2(r) is plotted in fig-

ure 4.2(main figure). The radial functions are multiplied by r to eliminate the sin-

gularity at the Mn center. The s-like contribution dominates close to the Mn center.

The d-like component becomes apparent at the distances larger than α−1, beyond the

potential range. This can be seen from the R0/R2 ratio plotted in the inset of the

figure. For GaAs, the ratio reaches its maximum at the distance of about 5α−1, which

is 4.3 nm for Mn in GaAs [see the maximum of the curve (i) in figure 4.2(inset)]. At

infinity, the ratio of the components saturates at the value 1, approaching from above.
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The calculated dependence on the hole-mass ratio of s- and d-like contributions

integrated over the volume is shown in figure 4.3. However, it is not valid for the case

of small spin-orbit interaction when β → 1. When the condition 4.3.2 is satisfied the

ratio does not depend on acceptor ionization energy, however, the radial dependence

of the R0(r) and R2(r) ratio may vary considerably. The contribution of the d part

is larger when β is smaller. For example, in the case of acceptors in InAs (βInAs =

0.049) contributions from s- and d-like parts would be almost equal. For the case

β = 0 the envelope functions R0 and R2 were derived in an implicit form [84]. In

that work the authors emphasize the different behavior of R0(r) and R2(r) at large

distances. In their case R0(r) drops exponentially whereas R2(r) has a power law

decay at infinity. Although the ground state contains s-like and d-like components,

this fact itself does not bring the anisotropy. In the spherical approximation given
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by the Hamiltonian 4.3.3 the total d-like component is spherically symmetric [see

figure 4.4(Total)]. In order to obtain the anisotropy, the problem has to be solved in

the cubic approximation.

In the cubic approximation the symmetry of the wave-function 4.3.5 is reduced.

If the condition 4.3.2 is satisfied, the acceptor wave-function transforms according to

the same irreducible representations as the top of the valence band, Γ8 point

Γ±
8 × Γ±

8 = 2Γ+
15 + 2Γ+

25 + Γ+
12 + Γ+

2 + Γ+
1 . (4.3.14)

The wave-function that transforms according to these representations has the form
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The angular dependence of the spherical functions Y (ϕ, θ) as a function of the az-

imuthal angle θ with respect to the quantization direction is shown in figure 4.4.

In the equations 4.3.15 and 4.3.16 the angular part of the d-component includes

terms that transform according to the Γ12 (dx2−y2−like) and Γ25 (dxy−like) repre-

sentations of the tetrahedral point group. Their corresponding coefficients are the

constants cΓ12 and cΓ25 , respectively, whose ratio is denoted here as

η = cΓ12/cΓ25 , 0 ≤ η ≤ 1. (4.3.17)

The coefficients cΓ12 , cΓ25 and cΓ1 in the equations 4.3.15 and 4.3.16 are usually

evaluated variationally and should allow for the normalization condition given by the
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Figure 4.4: Spherical functions constituting the d-like part of the shallow acceptor
ground-state and their summation indicated as ”Total”.
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following integral over the volume:

∫

[

(cΓ25)
2
+ (cΓ12)

2
+ (cΓ1)

2
]

drdΩ = 1. (4.3.18)

The value of η depends on the valence band parameters of the particular semicon-

ductor and can be evaluated variationally as done for the shallow acceptors [85, 86, 87].

However, in our case the introduction of η would insignificantly affect the binding en-

ergy and is negligible compared to the central cell correction. In other words, any

value of energy obtained variationally for any value of η satisfying condition 4.3.17

would be much smaller than the actual ionization energy of Mn in GaAs.

To clarify the nature of the Mn acceptor ground state, here η is used as a free

parameter, and thus varies the spherical anisotropy from η = 1, corresponding to

a completely spherically symmetric solution, till η → 0, where the Γ12 component

vanishes. When η = 1, the function 4.3.15 transforms to function 4.3.6 in the spherical

approximation. As can be seen from figure 4.2, the contributions of s- and d-like parts

are thoroughly determined by the crystal and spin-orbit interaction that mixes the

spin and the orbital momentum of the hole. Thus, we vary only the ratio between

the constants cΓ25 and cΓ1 of the d-like part and keep the ratio of the s- and d-like

components unchanged. The problem then has a single variable parameter, the cubic

correction η, and two fixed parameters, β determined by the host crystal and the

ionization energy of the acceptor Ea, known from experiment.

Taking into account the normalization of the wave-function given by equation 4.3.18,

the coefficients in the equations 4.3.15 and 4.3.16 have the form

cΓ1 = 1, cΓ25 =
1

√

3 + 2η2
, cΓ12 =

η
√

3 + 2η2
. (4.3.19)

In figure 4.5 the angular dependence of the charge density of the Mn acceptor

wave-function is plotted for various values of the cubic parameter η at a fixed contour

of radius r. The graphs on the left show the charge density as viewed from the [010]
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Figure 4.5: Calculated angular dependences of Mn acceptor wave-function in GaAs
for three values of the cubic parameter η = 0; 0.5; 1 at different radial separations from
the Mn location as viewed from the [100] (left 3 graphs) and [110] (right 3 graphs)
directions. Upper pair for r = 0.1 nm; middle pair for r = α−1 = 0.836 nm, which
is an effective Bohr radius; lower pair r = 4.3 nm corresponds to the largest value of
R2/R0 ration given in figure 4.2(inset, curve i).
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Figure 4.6: Calculated cross-sections of the Mn acceptor wave-function in GaAs by
a {110} plane for various values of the cubic parameter η. Mn is located in the 6th

subsurface layer counting the surface layer as zero. 1ML = 0.2 nm. Images have
sizes of 8 × 8 nm2.
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Figure 4.7: Calculated cross-sections of the Mn acceptor wave-function in GaAs by a
{110} plane for various Mn to surface separations D in units of monatomic layers ML.
The value of the cubic parameter η is assumed to be zero. 1ML = 0.2 nm. Images
have sizes of 8 × 8 nm2.
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Figure 4.8: Continuation of figure 4.7.



76 Theory

8x8 nm2; =0

D=1ML D=1ML

D=5ML D=5ML

D=9ML D=9ML

[1
10

]

(111) plane(001) plane

Figure 4.9: Calculated cross-sections of the Mn acceptor wave-function in GaAs by
{001} and {111} planes for various Mn to surface separations D in units of monatomic
layers ML. The value of the cubic parameter η is assumed to be zero. For convenience,
the Mn to surface separation is measured in units of monatomic layers along the [110]
direction (1ML = 0.2 nm). Images have sizes of 8 × 8 nm2.
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Figure 4.10: Calculated cross-sections of the wave-function of an acceptor with ion-
ization energy Ea = 113 meV by a {110} plane for various III-V hosts. The value of
the cubic parameter η is assumed to be zero. Mn is located in the 6th subsurface layer.
The monatomic layer thicknesses for various III-V materials are listed in table 4.1 as
b0/2. Images have sizes of 8 × 8 nm2.
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direction. The calculated charge density on this surface has a four-fold, square-like

symmetry. The graphs on the right show the calculated charge density as viewed

from one of the [110] directions. The calculated charge density on these surfaces

is elongated and has a two-fold symmetry. This elongation of the charge density on

{110} surfaces perfectly reproduces the observations in the experiment (see chapter 3).

For η = 1, the charge density is spherical and identical to that obtained in the

spherical approximation. For η 6= 1, the calculated charge density is anisotropic. The

anisotropy is significant for the distances r > α−1 = 0.836 nm. The calculated charge

density of the Mn wave-function in GaAs reaches the maximum anisotropy at the

distance of about r = 5α = 4.3 nm.

In figure 4.6 the cross-section of the charge density of the Mn wave-function by

the (110) surface is plotted in the x, y coordinates for various cubic parameters η.

The Mn is located at a distance of 6 monatomic layers under the surface (counting

the surface layer as zero) D = 6ML = 1.2 nm. The charge density is plotted in the

logarithmic scale in order to compare to the wave-function measured in the constant-

current mode by STM3. As can be seen from figures 4.5 and 4.6, the difference in

anisotropy for values of η ≤ 0.5 is insignificant. However, even for the minimum

value of the cubic parameter η = 0 the anisotropy of the calculated wave-function is

weaker than that observed in the experiment. This certainly results from the large

s-like component in the ground state of Mn, which may be smaller in reality.

The cross-sections of the Mn wave-function by the (110) surface calculated for

various Mn to surface separations D are plotted in figures 4.7 and 4.8. The cubic

parameter is set to its minimum value η = 0. For short Mn to surface separations,

0 − 3 ML (0 − 0.6 nm), the cross-section of the wave-function is elongated along

the [110] direction. However, for the deeper subsurface layers the cross-section is

3As discussed in section 2.5, the STM in the constant-current mode observes the logarithm of
the charge density.
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elongated along the [001] direction. This elongation perfectly reproduces that one

observed in the experiments (see, for example, figures 3.3(b) and 3.2(b)) and may be

understood from the simple geometrical arguments.

The cross-sections of the Mn wave-function by (001) and (111) surfaces for various

Mn to surface separations are plotted in figure4.9. The wave function has a four- and

three-fold symmetry on the (001) and (111) surface respectively. The nearly isotropic

appearance of the wave function on the (111) surface here is not determined by the

s-like component. It appears isotropic because of the spherical shape of the d-lobe

with a T2 symmetry along the [111] direction.

The calculated cross-sections of the charge density by the (110) surface display

the mirror symmetry with respect to the [110] direction. However, the measured

wave-function shows no mirror symmetry as discussed in section 3.4. The mirror

symmetry is broken if the modulation of the envelope functions by the Bloch states

is introduced.

The cross-sections by the (110) plane of the wave function of acceptors with ion-

ization energy of 113 meV for various cubic semiconductor hosts are presented in

figure 4.10. The obtained wave-functions are more anisotropic for acceptors in crys-

tals with higher light- to heavy-hole mass ratio.

Yet, there is a question about the quantization direction of the hole. Obviously,

for the spherical approximation, the quantization direction will not have any effect

on the shape of the wave-function. This issue becomes important in the cubic ap-

proximation. The result of calculations performed in this section is independent of

the choice of quantization direction along the main axes of the cubic lattice. All three

possible quantization directions [100], [010] and [001] result in the same appearance

of the wave-function on the (110) surface. However, in the X-STM experiment the

orientation of the hole is determined not only by the orientation of the spin of the

Mn 3d core but also by the presence of the surface. The vacuum barrier may select
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Table 4.1: Parameters of III-V semiconductors. The sets of parameters (a) are taken
from the reference [82]; the sets of parameters (b) are taken from the reference [88]
and references there in.

b0/2(Å) γ1 γ2 γ3 β Eg(eV ) ∆Eso(eV ) α−1(nm)
GaAs a 2.0 7.65 2.41 3.28 0.132 1.41 0.43 0.89
GaAs b 2.0 6.85 2.1 2.9 0.141 1.41 0.43 0.816
C b 1.262 2.54 -0.10 0.63 0.58 5.5 0.006 0.866
Si a 1.921 4.22 0.39 1.44 0.348 1.12 0.044 0.956
GaN b 1.599 2.463 0.647 0.975 0.187 3.2 0.02 0.569
InP a 2.076 6.28 2.08 2.76 0.116 1.344 0.11 0.71
InAs a 2.143 19.67 8.37 9.29 0.049 0.35 0.41 0.812
InSb a 2.292 35.08 15.64 16.91 0.034 0.17 0.8 0.897

the quantization direction of the hole perpendicular to the (110) cleavage surface.

The influence of the surface, the vacuum barrier and the electric field of the tip may

break the parity of the bulk-like state and admix the odd p-like and f-like harmonics

to the angular dependence of the Mn wave-function. Here the effect of the surface is

neglected since Mn is located under the surface at a distance comparable to or larger

than the effective Bohr radius α−1 ≈ 0.83 nm. We also neglect the effect of the electric

field from the tip since the potential is varying slowly as a function of coordinates

due to the low doping concentration. At the concentrations under investigation and

nearly flat-band tunneling conditions the estimated depletion length around the tip

is Ldepl � 50 nm � α−1.

For the calculation of the Mn wave function we have used the band parameters of

pure GaAs given in table 4.1, set ”a”. The other set of parameters ”b” gives nearly

indistinguishable result.
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4.4 Tight-Binding Model (TBM)

The answer to the question ”Why do the T2 symmetry elements survive in the Mn

acceptor state and the E symmetry not?” may be found if one takes a close look on

the local bonding of the manganese to the neighbours in the crystal.

As pointed out by Vogl and Baranowski [63], the fivefold degenerate Mn 3d orbitals

split in a cubic lattice to an E-symmetric (dx2−y2−like) doublet, which is only weakly

coupled to the tetrahedral host, and a T2-symmetric (dxy−like) triplet, which can

effectively couple to the neighbouring dangling sp3 hybrids. The antibonding states

of the T2-symmetric states and the sp3 hybrids form the acceptor states within the

gap. These antibonding states are delocalized in space since they overlap strongly

with the host valence bands.

The effective-mass approximation gives a good description for momenta only in

the vicinity of the Γ point. As can be seen from the spectrum 3.11(b) the Mn wave-

function extends at least to about 1/4 of the Brillouin zone. Thus, the results obtained

with the effective mass approximation for such deep acceptors as Mn in GaAs give a

good qualitative description but the quantitative values may be inaccurate. Density

functional calculations [89, 90], however, describe local properties well, but state of

the art supercell calculations have not had sufficient spectral resolution to resolve the

shallow bound states in the gap and the sharp resonances in the valence band.

In order to obtain both sufficient spectral resolution and proper dispersion re-

lations throughout the full Brillouin zone, a multiband tight-binding approach was

employed in [64, 51]. In those works, the Koster-Slater technique [91] was used to

calculate the Green’s function, whose imaginary part gives the local density of states.

This method has been proven to give the correct chemical trend of impurity levels in

semiconductors [58] and was previously applied to a successful prediction of the STM

spectra near impurities in superconductors [92]. Here we reproduce the results of the
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papers [64, 51].

The results show that the hybridization between the Mn 3d orbitals and the

GaAs valence bands leads to spin-polarized resonances within the valence bands and

to delocalized ferromagnetic interaction. The LDOS near the valence band edge is

significantly enhanced by these resonances. Each Mn dopant can enhance the LDOS

by as much as a factor of 2 at the second-nearest neighbours, corresponding to a 7%

increase of the average LDOS for 1% Mn concentration (see figure 4.11). The figure

shows the total LDOS spectra at the Mn site as well as for the first neighbour (As)

and second neighbour (Ga). In this particular case the Mn core spin was chosen to

align with one of the [100] crystal axes. As a result, the spectra at the four nearest-

neighbour As sites are identical due to the residual symmetry. The acceptor states are

almost fully spin polarized (parallel to the Mn core spin) and split into three energy

levels due to spin-orbit interaction. The strong LDOS enhancement is consistent with

recent angle resolved photoemission measurements [93], and qualitatively explains the

increases of the absorption coefficients in the intraband [94, 95] as well as the interband

absorption spectra [96, 97]. In particular, the experimental result that the band-edge

absorption coefficient increases in finite magnetic fields more for one polarization of

light is consistent with the result that the resonances are both orbitally polarized and

spin polarized.

As for the delocalized nature of the acceptor state, this approach shows that only

about 10% of the spectral weight of the acceptor state is concentrated at the Mn site,

20% is distributed over the four nearest neighbour sites, and the remaining 70% is

extended to farther sites.

The calculations of the local density of states (LDOS) based on the TBM are shown

in logarithmic scale in figures 4.12 and 4.13 for various Mn to surface separations. The

calculation is performed for the bulk-like acceptor. At room temperature we expect

the Mn core spin to point in a random direction, and for the STM measurements
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Figure 4.11: (a) Calculated spectrum of the density of states on the MnGa atom in a
wide energy range (TBM). The calculation includes spin-orbit interaction; (b) spectra
at Mn, first As and second Ga neighbours; (c) The same as (b) without spin-orbit
interaction. The zero of the energy is the top of the GaAs valence band.
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Figure 4.12: Calculated (110) cross-section of the bulk-like Mn acceptor wave-function
in GaAs sliced at 113 meV above the valence band maximum. Images have sizes of
5.2 × 5.2 nm2.
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Figure 4.13: Continuation of figure 4.12.
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to average over all possible spin orientations. Thus, the plots are averaged over the

possible spin orientations of the Mn core. The cross-sections by the (110) plane show

symmetry under reflection in the (11̄0) plane, and asymmetry under reflection in

the (001) plane. For Mn dopants several layers down from the surface, the shape

of the acceptor state does not depend sensitively on the spin orientation of the Mn-

core 3d-spin. Furthermore, unlike in the effective-mass model, for these dopants the

shape does not depend on the spin-orbit interaction. This is confirmed by obtaining a

similar cross-like acceptor structure using a tight-binding Hamiltonian without spin-

orbit interaction, and with empirical parameters designed for optimal agreement with

the bulk band structure of GaAs [98].

The comparison of the TBM and EMA models with experiment is presented in

figure 4.14. The symmetry is similar to that obtained in section 4.3 with the only

difference that in TBM the mirror symmetry with respect to the [110] direction is

absent. Both models reproduce the key elements of the spatial shape of the Mn-

acceptor wave-function as well as its spatial extension. However, the experimental

wave-function is somewhat larger than that obtained with the TBM and EMA models.

The EMA model even with the maximum cubic correction, where η = 0, clearly

underestimates the amount of anisotropy. This can be better seen if the Fourier

spectra are compared as in figure 4.14. Both models reproduce the satellites in the

Fourier spectrum, which further supports the chosen symmetry components.



87

(a)

(c)

(e)

(b)

(d)

(f)

12x12 nm2 0.8x0.8 nm-2

0 1 0 1
Real space Fourier spectrum

E
x
p

er
im

en
t

E
ff

ec
ti

v
e-

m
as

s 
ap

p
ro

x
.

T
ig

h
t-

b
in

d
in

g
 m

o
d

el

Figure 4.14: (a) Constant-current image of the neutral Mn acquired at +0.9 V . Mn
is presumably located in the 4th subsurface atomic layer; (b) Fourier spectrum of the
image (a); (c) simulation of the ground state 1S3/2 (EMA); (d) Fourier spectrum of
the image (c); (e) simulation of the Mn acceptor charge density (TBM); (f) Fourier
spectrum of the image (e).
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Chapter 5

Mn in strained GaAs

5.1 Introduction

In order to understand the nature of the Mn acceptor state, a perturbation of the Mn

wave-function by a mechanical pressure was investigated. Currently, the application

of the pressure on the order of gigaPascals to a sample mounted on the STM scanner

unit in situ is beyond the state of the art approach. There are only several examples

where pressure is applied to the sample studied with STM in situ. One of them is

an experiment performed by Chilla et al. [99] and Koch et al. [100, 101], in which

an AC pressure generated by the piezo-drivers was applied to the sample in order to

analyze surface acoustic waves. The difficulty to apply pressure in situ is due to the

construction of the STM scanner as well as due to the geometry of the sample. The

former is due to the miniature fine structure of the sample holder where the massive

piezo-installation would not fit or would require a complete modification of the STM

scanner. The latter, the sample geometry discussed in section 2.2 limits the choice

of the pressure orientation. For example, it is impossible to apply pressure along any

of the [111] directions, since the flat facets of the sample are not collinear with these

directions. In order to produce a local mechanical stress in our experiments, a single

InAs quantum dot (QD) embedded in the GaAs host was used.

89



90 Mn in strained GaAs

Quantum dots such as InAs in GaAs are known to produce local mechanical

pressure on the neighbouring host material due to the difference in lattice constants.

The lattice compression of GaAs around such a quantum dot was reported to be as

large as 2% of the lattice constant [26, 102] (for a recent review, see reference [103]

and references there in). In this chapter we analyze the spatial modification of Mn-

acceptor wave-function due to the stress created by a QD.

The formation of quantum dots of a certain shape and size and their invariability

requires specific thermal conditions. This limits the possibility of an post-growth

thermal treatment of the samples. As a result, the Mn doping cannot be introduced

by a diffusion method. The samples used in our experiments were grown by Molecular

Beam Epitaxy. The Mn doping was introduced in the background during growth of

quantum dots at a concentration level of NMn = 3 × 1018 cm−3.

Mn and other acceptors in strained GaAs were studied before, predominantly by

the photoluminescence technique [104, 105, 106, 107]. An increase in the intensity of

the photoluminescence line associated with the band-to-band transition and simulta-

neous a decrease in the intensity of the transition to an acceptor level with increasing

stress was observed by Bhargava et al. [106]. It was suggested that this is due to the

dependence of the acceptor capture cross-section on magnitude of the stress. This

implies a compression of an acceptor wave-function with increasing anisotropic stress.

Moreover, it was found that pressure along one of the [111] directions gives the largest

displacement towards the high-energy side of the photoluminescence line associated

with a transition to an acceptor level. A somewhat smaller displacement was observed

for pressure along the [110] directions. A significantly smaller effect was observed for

pressure along the [100] directions. Thus, it is reasonable to expect the largest wave-

function modification in the STM experiment if the pressure applied along one of the

[111] directions.
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5.2 Observation of the pressure effect

In order to exclude the tip effect we compare two Mn impurities in the same constant-

current image. Figure 5.1(a) shows two Mn acceptors located in the same subsurface

layer and a large InAs quantum dot in cross-section. One manganese (Mn1) is located

in the zero-stress GaAs environment and displays mirror symmetry with respect to the

[001] direction, as usual. The second one (Mn2) is located in the area with anisotropic

stress induced by the InAs quantum dot. The stress direction is approximately along

the [111] direction and seems to break the mirror symmetry. In figure 5.1(b), a

high pass Fourier filter was applied in order to highlight the effect of the symmetry

breaking.

The line-profiles across the Mn wave-functions are compared in figure 5.2. The

line-profiles are taken at the distance of 3.5 a0 ≈ 2 nm from the center of the Mn

wave-function on the surface along the [001] direction. The charge density of Mn1

possesses a perfect symmetry with respect to the [001] direction. The charge density

of Mn2, however, displays a significant charge redistribution with respect to the [001]

axis. The wave-function expands along one of the diagonals (the one along the [111]

direction) and compresses along the other.

5.3 Discussion

We will now discuss the stress dependence of the valence band and the ground state of

a shallow acceptor state and compare it to our experimental results. As in chapter 4,

we qualitatively account for the Mn wave function deformation based on the symmetry

arguments.

Mechanical strain can be divided in two components, static and uniaxial. The

static pressure on the host crystal may only shift its bands due to the equal relative
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Figure 5.1: (a) Constant-current STM image of manganese acceptors in strained
(Mn1) and unstrained (Mn2) GaAs. (b) A section of the image (a) filtered with a
high-pass Fourier filter.
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(a) Mn1; (b) Mn2; (c) Line-profile along the vertical lines in (a) and (b). The hori-
zontal dashed lines show the symmetry axis for the undisturbed Mn wave-function.
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displacement of atoms in all three directions. Such strain causes no reduction of

the symmetry and no splitting of the acceptor levels. The uniaxial stress, however,

reduces the symmetry of the host crystal. The symmetry is reduced due to the fact

that a compression of the crystal along one direction causes its expansion in the

orthogonal directions. Thus, as for the bulk states, the symmetry of acceptor states

having the symmetry of the top of the valence band is also reduced.

The qualitative description depends upon the choice of the model for the Mn

acceptor state. The Mn− core state with total spin S = 5/2 is not expected to show

any first-order uniaxial stress splitting since it is a pure spin state. In the case of the

hole, a stress splitting is generally expected when the hole resides in a Γ8 state, but not

for a Γ6 or a Γ7 state owing to Kramers degeneracy. Thus, for the description of the

observed wave-function deformation effect we choose ”model 1” defined in chapter 4

for the Mn acceptor state being formed by the undisturbed 3d5 core weakly binding

a valence-band hole.

Anisotropic mechanical pressure removes the degeneracy of the Γ8 state. As a

result, the changes in the acceptor levels are expected to be comparable to the mod-

ification of the valence band top [104]. As the conduction band is nondegenerate

(neglecting the spin), it shows no splitting of the energy levels as compared to the

change of the energy gap. The top of the valence band, however, is degenerate and

splits into two components as shown in figure 5.3. Thus, the pressure driven shift

of the energy levels of an acceptor may be estimated from the photoluminescence

experiments of the band-to-band transitions and the energy-level splitting from the

broadening of the conduction-band to acceptor-level transition line. The shift of the

shallow-acceptor level was observed by Bhargava et al. [106]. Similar experiments for

the Mn acceptor in GaAs by Averkiev et al. [107] showed the shift of the energy levels

to be smaller than 10 meV up to pressures in the order of 1× 104 kg/cm2. However,
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Figure 5.3: Schematic diagram of energy-level splitting of a shallow acceptor: (a) Un-
strained GaAs; (b) Compressed GaAs.

they observed a large broadening of the level (width of the main peak at half maxi-

mum increased from 18 up to 38 meV ). This broadening was most probably caused

by the energy-level splitting of the acceptor ground-state. At low temperature, such

splitting of the levels causes the acceptor ground-state to be one of the Ψ
3/2
±3/2 or Ψ

3/2
±1/2

characters only.

In III-V crystals, an applied anisotropic stress does not only lead to the energy-

level splitting but also to the deformation of the valence band paraboloids. As dis-

cussed by Bir and Pikus [87], the constant energy surfaces near an extremum in the

strained crystal are ellipsoids. For example, for the compressive strain along the x di-

rection the light-hole band extends along the x axis in k−space where the heavy-hole

band is compressed. This implies a delocalization of the components Ψ
3/2
±3/2 of the

acceptor state in the real coordinates along the pressure axis and their compression

in the orthogonal directions. In order to probe high k values of the wave-funcion,

the luminescence of hot electrons from acceptors in GaAs was studied by Karlik et
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al. [108]. It was found that the degree of luminescence polarization of hot electrons

has a directional dependence.

The {111} directions in III-V semiconductors are piezoelectric, i.e. pressure ap-

plied alone these directions causes a collinear electric field. In the interpretation of

our experimental results, however, this effect is neglected. One of the electric field

manifestations would be a dipole-like redistribution of the charge along [111] axes

with respect to the center of the Mn wave-function. This, however, is not observed

and only a bilateral expansion or compression of the charge density is seen with re-

spect to the Mn center. Moreover, the anisotropic stress may change the quantization

direction for manganese as compared to those observed in the stress-free region.

In conclusion, the observed deformation of the Mn wave-function most probably

occurs due to two reasons:

1. Splitting of the light- and heavy-hole bands causing the ground state to be the

light- or heavy-hole only.

2. Deformation of the valence energy bands, leading to a reduction of the ground

state symmetry in the case of stress along one of the [111] directions.



Chapter 6

Mn-Mn pairs

6.1 Introduction

The samples studied in the previous chapters were not ferromagnetic because the Mn

acceptors were too much separated in space. After the observation of the anisotropy

of wave-function of an individual MnGa in GaAs the question arises whether such a

shape persists for x of Mn impurity concentrations above the critical value of x = 0.01.

It is believed that the ferromagnetic transition in Ga1−xMnxAs occurs around this

concentration [109].

It is generally accepted that ferromagnetism in GaAs based ferromagnetic semi-

conductors is mediated by holes [109]. However, there is no certainty that these holes

are residing in the valence band or in a Mn impurity-band. For example, angle re-

solved photoemission spectroscopy [93] shows an impurity band near EF . Infrared

measurements of the absorption coefficient also reveal a strong resonance near the

energy of the Mn acceptor level and deeper in the band-gap of GaAs [94, 95]. Thus,

the second issue addressed in this chapter is the influence of the Mn wave-function

shape on the impurity-band formation.

In this chapter we present experimental evidence that the shape of the Mn acceptor

is still anisotropic and reflects the cross-like shape of a single Mn even when the

97
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dopants are separated by only 8 Å. In bulk doped GaAs such Mn-Mn separation would

be equivalent to a concentration of x ≈ 0.04. In general, it would be impossible to

make a distinction between overlapping Mn wave-functions and analyze their spatial

structure for short Mn-Mn separations in bulk doped Ga1−xMnxAs with a large x.

To simplify the Mn-Mn pair identification, the broadened Mn delta-layers shown

in figure 6.1 are analyzed. The main attention is paid to pairs and dense groups

of Mn acceptors such as shown in figure 6.1(b,c) in order to understand the Mn

impurity-band formation. Although, such approach might not depict the behavior of

manganeses in the bulk Ga1−xMnxAs precisely, it would show trends towards a high

concentration of Mn in a bulk GaMnAs and give an insight in the Mn-Mn interaction.

It should be specifically noted that STM probes only a part of the Mn wave-

function. As a result, an estimation of the directional dependence of the wave-function

overlap directly from the STM experiment would be incorrect. Thus, in order to

quantify the Mn-Mn overlap for various separations and directions, the bulk-like Mn

wave-function is first computed as discussed in chapter 4 and then the overlap integrals

are calculated.

6.2 Observation of Mn pairs in GaAs

The delta layer was grown at 370 oC by MBE on a Zn-doped (001) GaAs substrate.

The layer was separated by 100 nm intrinsic GaAs buffer-layer to prevent a diffusion

of Zn into the structure. Such a growth temperature was chosen to prevent the

appearance of structural defects such as As antisites, which would complicate the Mn

identification. However, a small amount of As antisites was observed and identified

as charged donors. The appearance of these defects will be discussed in chapter 7.

The delta layer clearly showed p-type conductivity in tunneling I(V ) spectroscopy.

The intentional Mn concentration in the layer was 3 × 1013 cm−2, however, it was
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broadened during growth due to Mn segregation. The experiments were performed

at room temperature.

Sections of the delta layer, acquired in the constant-current mode, are shown in

figure 6.1. Figures 6.1(b) and 6.1(c) show sections of the layer with a high den-

sity of Mn acceptors, the wave-functions of which heavily overlap. When such an

overlap occurs, one expects the wave-functions to delocalize or be significantly modi-

fied. However, the cross-like shape of each of the Mn acceptors in the group appears

remarkably similar to that of a single Mn.

In figure 6.2(b) two Mn dopants separated by only 1.38 nm = 2
√

(a0)2 + (b0)2 are

in their ionized state. As can be seen from the contrast and the symmetry of their

features, these Mn dopants are located in the same subsurface layer. The Coulomb

field induced circular elevation is about a factor of 1.7 larger in diameter than that

of a single ionized Mn under the same imaging conditions due to the double charge

of the pair. It is hardly possible to distinguish between these two ionized impurities.

However, in the neutral state, the wave-functions of each of the manganese atoms

retain their cross-like shape [figure 6.2(d)]. Figure 6.2(c) shows the Mn pair with a

lateral separation of only 0.8 nm = 2b0. This combination has the smallest separation

of manganese atoms that we were able to identify as a pair. Figures 6.2(c,d) show that

even though the Mn acceptors are separated by a distance comparable to or smaller

than the wave-function effective Bohr radius a0 ≈ 9 Å, their cross-like structure

reflects that of a single Mn. This suggests that the overlap of the Mn wave-functions

is directionally dependent for such and larger Mn-Mn separations.

6.3 Noninteracting Mn pairs

In general, the overlap of the wave-functions drives the splitting of the corresponding

energy levels due to the Pauli exclusion principle for fermions. Apart from this, similar
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Growth direction [001]

Figure 6.1: Constant-current STM images of sections of Mn delta doped layer in
GaAs. Intentional concentration of Mn is 3 × 1013 cm−2. (a) 51 × 29 nm2; (b) 12 ×
10 nm2; (c) 13 × 10 nm2. Images were acquired at a sample bias Us = +1.5 V on a
cleaved (110) surface.
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Figure 6.2: Images of Mn pairs with the smallest observed separations in various
directions (manganese atoms are located on Ga sites, presumably in the same 5th sub-
surface atomic layer): (a) Schematic representation of the (110) surface and location
of subsurface manganese atoms; (b) 12×12 nm2, Constant-current STM image of two
ionized Mn acceptors separated by 1.4 nm along the [111] direction (Us = −0.6 V );
(c) 6 × 6 nm2, X-STM image of two Mn acceptors separated by 0.8 nm along the
[110] direction (Us = +1.55 V ); (d) The same area as in (b), X-STM image of neutral
Mn pair (Us = +1.1 V ).
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Figure 6.3: Separation dependent overlap of non-interacting Mn acceptors calculated
for separations along 3 crystallographic directions in the framework of the effective-
mass approximation (EMA) and tight-binding model (TBM). The difference between
the [001] and [111] directions are indicated for the separations of 3 and 5 nm.

to the hydrogen molecule, when two identical oscillators are put together, a coupling

occurs that splits their level into bonding and antibonding states. In this respect, a

Mn pair may be treated as the molecule of two holes. The difference from the hydrogen

atom is that the holes have a different spin and initial spatial shape. Because of the

complicated shape, it is impossible to obtain an exact analytical solution for the wave

function of the Mn pair. Usually, the value of the overlap can be correlated with

the magnitude of the energy splitting. In other words, the stronger the overlap the

larger the splitting. Thus, here we calculate an overlap of the Mn wave-functions

superimposed on each other assuming that they do not interact. This dependence

can be used as a measure for the energy-levels splitting.

The calculated radial dependence of the non-interacting Mn wave-functions over-

lap for the three main crystallographic directions is presented in figure 6.3. The graph
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Table 6.1: Calculated values of the Mn wave-function overlap in the framework of
the effective-mass approximation. Σ - curve number in figure 6.4(a), r is Mn-Mn
separation, N - normalization coefficient, Ω(x,y,z) - overlap expectation for Mn pairs
grown on (x, y, z) substrate.

Curve Number r(Å) N Ω(001) Ω(110) Ω(111)

Σ0 5 0.654 0.986 0.990 0.992
Σ1 10 0.438 0.963 0.976 0.980
Σ2 20 0.216 0.912 0.941 0.952
Σ3 30 0.112 0.870 0.913 0.929
Σ4 40 0.060 0.837 0.892 0.912
Σ5 50 0.033 0.812 0.875 0.898

shows that the maximum of the overlap occurs when the Mn dopants are located along

the [111] direction, while the minimum occurs when they are located along the [001]

direction. The used tight-binding approach and the effective-mass approximation

show similar qualitative behavior. The zero-range potential model, however, under-

estimates the magnitude of the overlap anisotropy as compared to that obtained with

TBM.

The calculated directional dependence of the non-interacting Mn wave-functions

overlap for various Mn-Mn separations is presented in figure 6.4. As in figure 6.3,

the maximum of the overlap occurs when the impurities are located along the [111]

direction, and the minimum along the [001] direction. The anisotropy of the overlap

is stronger at larger Mn-Mn separations because the anisotropic d-like character dom-

inates the S3/2 ground state at a larger distance from Mn. By averaging along the

segments of the curves Σi we estimate an expected wave-functions overlap Ωi(x,y,z)

of the manganese pairs grown on (x, y, z) oriented substrates (see table 6.1). These

data suggest that the average overlap of the wave-functions is different for Mn doped

delta layers grown on differently oriented substrates.

It is interesting to note the change in the slope of the overlap dependence in both
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Mn-Mn separations r calculated in the frame-work of the effective-mass approxima-
tion. The curves are normalized with the maximum value N given in table 6.1.
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models around 2 nm. This change is partially due to the interplay between the s- and

d-like radial functions. However, it also involves the change of the hole character at

various distances within each of the components. It can be seen from equations 4.3.10

and 4.3.11 that the heavy hole mass dominates the radial functions at short distances

from the Mn and the light hole mass dominates at infinity.

The calculated average overlap Ω of the Mn wave-functions for the delta layers

grown on substrates with different orientations is presented in table 6.1. The delta

layers are assumed to be ideal, so that all the manganese atoms are located in the

same atomic layer. The averaging is performed over the angle for fixed Mn-Mn

separations r. The calculation shows that the overlaps are different for all three

substrate orientations. the average overlap of the wave-functions in the delta layers

grown on (111) and (110) substrates is larger than that for the (001) substrate.

This difference for the 5 nm separation is approximately 11%. In the tight-binding

model this value is even larger. As the overlap of the wave functions influences the

Mn-acceptor energy-levels splitting, this will influence the electronic properties of

Ga1−xMnxAs delta layers grown on the substrates of different orientation. If the spin

of the hole is taken into account, the amount of the overlap will also influence the

exchange interaction between the holes and, thus, the Curie temperature. Thus, the

highest Curie temperature might be achieved for layers grown on the (111) or (110)

substrates.

Furthermore, it is generally accepted that the overlap of the wave-functions gives

rise to a Mott metal-insulator transition (MIT). Because of the anisotropic overlap of

the Mn wave-functions, we expect the appearance of the electrical percolation to be

directionally dependent as well. As a result, we expect MIT critical concentration to

be lower for Mn doped delta layers grown on (111) or (110) substrates and higher for

delta layers grown on (001) substrates. In other words, it requires less Mn to achieve

conductivity in layers grown on (111) substrates as compared to (001) substrates.
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The spatial broadening of the delta layers will decrease the difference between the

different layer orientations. Thus, the effects related to the anisotropy of the Mn

wave-function can be potentially observed for nearly ideal delta layers only. However,

the critical value of broadening may be different for the various Mn concentrations.

6.4 Interacting Mn pairs

We will now discuss the effect of the Mn wave-function anisotropy on the impurity-

band formation. Tang and Flatté have used TBM to analyze the energy levels split-

ting [64] in the Mn pairs. In the case of parallel spin orientation of the holes,

they found that for Mn separations of about 2 nm, the energy-level splitting ex-

ceeds 40 meV . In our experiments, however, we did not observe the splitting in the

tunneling I(V) spectra due to the drift of the piezo-drivers that occurred at room

temperature. Thus we only analyze the shape of the Mn pairs in the frame-work of

a tight-binding approximation.

Two Mn pairs with separations of 0.8 and 1.4 nm were analyzed. It is found that,

as expected, the energy-level splitting between the bonding and the antibonding states

is larger for the pair with shorter separation. The Mn wave-functions have a much

stronger splitting for parallel spin orientation of the holes than for that with opposite

spin orientation. In figure 6.5, the TBM simulation of figures 6.2(c,d) is presented for

both parallel and antiparallel spin orientation of the holes. Surprisingly, despite of

the large splitting (up to 50 meV ) of the initial level at 113 meV , the cross-section

of the each Mn reflects that of a single one.

The difference between the superimposed and interacting pairs, for both parallel

and antiparallel orientation, is shown in figure 6.6. The maximum difference between

the interacting and non-interacting pairs is indicated by ∆1. It is interesting to note

1∆ indicates the difference in the layer of cross-section.
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Figure 6.5: Simulation of Mn pairs presented in figures 6.2(c,d): (a,b) Orientation of
the hole spins is antiparallel; (c,d) Orientation of the hole spins is parallel.
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Figure 6.6: Difference plots of interacting manganeses with parallel hole spins and
non-interacting ones: (a,b) Difference plot for interacting manganese atoms with
antiparallel hole spins (c,d) Difference plots for non-interacting manganese atoms
with parallel hole spins.
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that despite the large difference between interacting and noninteracting manganese

pairs, their appearances in the constant-current image are nearly indistinguishable.

This is due to the fact that in the constant-current mode, the logarithm of the wave-

function is measured (see equation 2.5.5). As a result, we expect that it will not be

possible to observe the influence of the energy-level splitting on the spatial structure

of the Mn pairs in the constant-current mode even at low temperature.
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Chapter 7

(GaMn)As delta layers

7.1 Introduction

Point defects in ferromagnetic Ga1−xMnxAs were studied with various macroscopic

techniques [110, 111, 112, 113]. The main attention was paid to the determination of

the concentration of the active manganese acceptors (MnGa), Mn interstitial and of

the amount of the As antisites (AsGa). STM, however, is a straightforward approach

not only for the precise identification of single point defects but also for the probing

of their electronic states.

Ferromagnetic Ga1−xMnxAs with x > 0.02 was recently studied by X-STM in bulk

epitaxial films [114, 115, 116, 117, 118]. Grandidier et al. [119] were able to identify

single Mn atoms in the surface layer and distinguish them from the other structural

defects such as As antisites. The main criterium to distinguish Mn from other defects

was tunneling spectroscopy. In such bulk samples, due to the strong overlap of the

Mn related states with each other and with other defects, it is impossible to study

the properties of the Mn local density of states at a far distance from the Mn center.

Please, note that the concentration of defects in Low Temperature (LT) grown GaAs

usually exceeds 1 × 1021 cm−3.

In order to probe the weak electronic structure of ferromagnetic Ga1−xMnxAs, we

111
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investigate thin Ga1−xMnxAs layers in cross-section. Unlike in the bulk structures,

this approach gives a distinct contrast of the Mn related states in the sample that

actually possesses ferromagnetic properties. In this way, an extension of the states

associated with the thin ferromagnetic Ga1−xMnxAs layer may be studied. This, for

example, could provide an information about the length scale of the layer coupling.

In this chapter, an investigation of two GaAs samples with digitally doped Mn

layers of different Mn concentrations is presented. The samples were grown on an

n-type GaAs substrate and included intrinsic buffer layers of about 200 nm in order

to electrically separate the layers from the highly doped substrate. The intentional

concentration of the Mn in the layers was x = 0.2 and x = 0.75. The samples were

grown at a temperature of 250 oC.

7.2 Potential profile

First of all, it should be mentioned that, unlike the samples discussed in chapters 3, 5

and 6, the samples discussed in this chapter have a high free carrier density. This plays

an important role in the interpretation of the STM images and of the tunneling I(V )

characteristics. For the samples with a high free carrier density, the band-bending

effect and charging of the states due to the tip influence on the band structure can be

neglected. In this case, the potential distribution and the position of the electronic

states with respect to the Fermi level of the sample cannot be influenced by the

electric field of the tip. Thus, the electronic structure of such sample probed by the

STM tip on the surface is similar to that of the bulk. The macroscopic conductivity

of the samples is different for the in-plane and out-of-plane directions. This suggests

a strong variation of the potential profile in the direction perpendicular to the layers.

The conductivity across the layers is also found to be sensitive to the post-growth

thermal annealing. However, we leave the discussion about this effect beyond the
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scope of this thesis.

Ga1−xMnxAs digital layers with large x display a strong potential modulation

across the layers. Constant-current STM images at negative and positive sample

biases along with the line profiles across the Ga0.25Mn0.75As digital layers are shown

in figure 7.1. At large negative sample bias (tunneling from the valence band), the

layers appear with a bright contrast, thus indicating increase of the amount of the

valence-band states in the layer regions. At large positive sample bias (dominated

by tunneling into the conduction band), there is a decrease in the amount of states,

as the layers appear dark. The potential variation across the layers is so strong that

the electronic contrast does not disappear even at very high bias (up to Us = ±7 V ).

Two scales in the electronic structure can be identified. The first one is the long range

smoothly varying part that seems to be due to the charging of the layers. This is

observed at high sample bias (Us = ±2 V ) as a bending of the GaAs conduction

and valence bands. The second one, determined by the additional states of the

Mn impurities is observed at lower sample bias when the tunneling into the bulk

GaAs bands is reduced. Remarkably, the bright atomic-like features appear at the

position of the layer at both polarities. However, under some tunneling conditions, it

is unclear whether all of the bright features are related to the Mn atoms. In general,

the appearance of the layers with x = 0.2 in the constant-current STM images is

similar to those with x = 0.75.

The I(V ) characteristics acquired in the different regions of the layered structure

are shown in figure 7.2(b). It is found that the LT spacers are slightly n-type, which

can be explained by the high concentration of As antisites. As antisites introduce two

mid-gap donor-states and pin the Fermi level when their concentration exceeds the

concentration of other defects. However, the energy bands of the spacers are shifted

upwards with respect to those of the intrinsic buffer layer. This can be explained by

the depopulation of some of the As antisite donor-levels. The wide regions around the
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Figure 7.1: (a) Constant-current image of Ga0.25Mn0.75As digital layers (Us =
−2.5 V ); (b) Constant-current image of Ga0.25Mn0.75As digital layers (Us = +2.0 V ).
Size of the images (a) and (b) is 50×50 nm2. (c) Averaged line-profiles perpendicular
to the layers shown in (a) and (b). The interface between HT and LT GaAs is marked
by m0 and the positions of the first two Ga0.25Mn0.75As layers are marked by m1 and
m2.
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Ga1−xMnxAs digital layers possess a clear p-type conductivity [see the black regions

in figure 7.1(b)]. This alteration of the conductivity type points to a very strong

potential variation across the layers. The potential modulation of the valence band,

for example, are found to be up to 0.8 eV for the layers with the concentration of

x = 0.75 and 0.6 eV for the layers with x = 0.2.

This appearance of the layers in the STM constant-current image resembles that

of the charged monatomic step of the (110) surface in n-type GaAs discussed in

section 2.9, where an upward bending of the bands was observed. The band struc-

ture of the digital Ga1−xMnxAs layers, deduced from the electronic contrast in the

constant-current mode and from the I(V ) characteristics, is schematically shown in

figure 7.2(a). The electronic structure of the Ga1−xMnxAs digital layers detected in

the constant-current mode extends as far as 5 nm to both sides of the layer. Thus,

such layers separated by a distance shorter than 10 nm may become electrically cou-

pled due to the inter-layer carrier-diffusion.

7.3 Mn incorporation and electronic states

Due to the large amount of Mn in the layers with x = 0.75, it is difficult to identify

the manganese positions within the layer. For the identification of the Mn atoms in

the digital layers, the layers with lower Mn concentration x = 0.2 were analyzed. The

I(V ) characteristics and the electronic contrast of these layers are similar to those

with x = 0.75. The images from the Ga0.8Mn0.2As layer structure at various sample

biases are shown in figures 7.3 and 7.5. At high negative sample bias, single Mn atoms

are identified as small atomic-like features. A similar appearance of the manganese

atoms in the surface layer of ferromagnetic bulk samples was reported by Mikkelsen

et al. [116]. As can be seen in figures 7.3(a) and 7.5(a), most of the observed Mn

atoms are confined to a single atomic layer. Only 10 − 15% of the manganese atoms
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are located at a distance of one or two monatomic layers above the layer position. No

Mn interstitial were identified. When the negative sample bias becomes smaller, the

electronic structure of the digital layers becomes apparent.

In figures 7.3(a,b), Mn appears to be superimposed on the As sublattice1. This

implies that the Mn is located in one of the sub-surface layers. From the symmetry

of the atomic-like features in figure 7.3(a) it can be concluded that the arrangement

of the surface atomic rows is like that shown in figure 7.4(c). At lower sample-bias,

a wave-kind of undulation of the surface rows occurs. This is caused by the fact

that at low bias the Ga sublattice appears in the n-type GaAs spacers. At this

bias, the As sublattice appears only around the Ga1−xMnxAs layer and follows the

distribution of the valence band states contributing to tunneling current. Thus, this

modulation of the valence-band states is induced by the presence of the Mn acceptors.

The distribution of the Mn related states can be traced by following the undulation

pattern as well as the topography in the constant-current STM image at low negative

sample bias. A similar undulation of the surface rows was observed in the region

of a single Mn-acceptor wave-function. However, for a single Mn acceptor, this was

seen at the opposite polarity (empty states imaging), which can be explained by the

different position of the Fermi level in the sample.

The Mn related states spread around the layers for a large distance, comparable

to the size of the cross-like feature observed for a single Mn acceptor in GaAs. The

extension of the electronic contrast exceeds several times the spread of the Mn im-

purities within the layer. Thus, the width of the layers is mainly determined by the

electronic structure of the layers. In some regions, a percolation of the states into the

neighbouring layers can be seen.

1At a high negative sample bias, the As sublattice usually dominates tunneling.
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Figure 7.3: Constant-current images of the Ga0.8Mn0.2As digital layers acquired at
various sample-bias. Size of the images is 13.5× 13.5 nm2. The height is normalized.



119

Ga

As

Ga

As

(a)(a)

(b)(b)

(c)

A
s

M
n

G
a

(c)

A
s

M
n

G
a

(c)

A
s

M
n

G
a

Figure 7.4: Zoom in on the image 7.3(e). Image displays undulation of the surface
atomic rows resulting from the switching of the sublattice participating in the tun-
neling. (a) Constant-current mode; (b) current-error signal; (c) schematic model of
the (110) surface displaying the principle of switching between the sublattices.



120 (GaMn)As delta layers
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Figure 7.5: Large scale constant-current images of the Ga0.8Mn0.2As digital layers for
different sample bias. The height is normalized.
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7.4 As antisites

In the LT grown samples, the Mn identification is complicated by the presence of

a very large amount of As antisites. The appearance of such defects in LT grown

GaAs was first studied by Feenstra et al. [45]. The As antisite deep states appear in

the STM image as cross-like features with very distinct atomic-like satellite features

along the [111] directions. Antisites can be identified in the GaAs spacers, where no

Mn impurities are present(see figure 7.6). Their concentration, determined from the

constant-current STM images, is NAsGa
≈ 6 × 10−20 cm−3. The electronic contrast

of the antisites is weaker than that of the Mn related states. Thus, by selecting the

proper imaging conditions (Us ≈ −1.5 V , as in figure 7.3(e)), the electronic contrast

of the Ga1−xMnxAs layers only can be observed.

It is interesting to compare the spatial structure of a single Mn acceptor to that of

the As antisite. The symmetry of the As antisites appearing in the constant-current

STM images on (110) surfaces is the same as that of the Mn (i.e. Cs). However,

there is an obvious difference in the spatial structure of these two centers. The Mn

wave-function decays monotonously with increasing distance, and looks more like an

envelope. The As antisite state, however, has a bond-like structure (see figure 7.7(d)

for comparison). Thus, the shape of the As antisite wave-function is determined by

the local bonding to the nearest neighbours, while that of the Mn is defined by the

valence band. This further supports the choice of the ”model 1”, defined in chapter 4,

for the description of the Mn acceptor.

The appearance of a single AsGa in p-type GaAs at various sample biases is shown

in figure 7.7. The sample was grown at a temperature Tgrowth = 370 ◦C as compared

to the other samples discussed in this chapter. Thus, only a small amount of antisites

is present and the sample is p-type due to the presence of Mn acceptors. In p-type

GaAs the donor levels of AsGa are empty and are thus available for tunneling at a
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(a)

(b)

Figure 7.6: Constant-current STM images of the Ga0.8Mn0.2As digital layers for neg-
ative sample bias (Us = −1 V ): (a) 50 × 60 nm2; (b) 21 × 25 nm2. One of the As
antisites located in the LT GaAs spacer is labelled by the circle.
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Figure 7.7: Appearance of the As antisites in the constant-current STM image at
various sample biases in the Mn doped p-type GaAs. As antisites are labelled by the
circles. (a) 39 × 39 nm2; (b) 26 × 26 nm2; (c) 16 × 16 nm2; (d) 10 × 10 nm2; (e) the
same area as in image (d) at negative bias.
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positive sample bias below the conduction-band edge [see figures 7.7(c,d)]. At large

positive bias (tunneling into the conduction band), however, the antisites appear

bright and isotropic due to the Coulomb field of the doubly ionized AsGa ion, which

causes a downward bending of the bands [see figures 7.7(a,b)]. For the same reason,

antisites appear dark at a negative sample bias [see figure 7.7(e)]. In figure 7.7(d),

both Mn and AsGa are present. It can be seen that the antisite is ionized, since,

similar to that shown in figure 7.7(e), its core is surrounded by the dark depression.



Summary and Outlook

The key result of this thesis is the detection of the spatial structure of the manganese

acceptor wave-function in GaAs at atomic scale. For this, the cross-sectional scanning

tunneling microscopy has been used. The wave function of a single Mn acceptor in

GaAs was found to have an anisotropic cross-like shape. The very important property

of the observed effect is its existence at high temperatures. Thus, one may use the

acceptor state of a single Mn in GaAs in a device that operates at room temperature

(for example, a device that involves a single electron transition). To control the spin

of a single Mn acceptor is even more challenging. This could lead to the application of

a single Mn in GaAs for a nano-scale data storing and spin filtering or implementing

it as a key element in a quantum computer. This, however, would probably require

low temperature conditions of T ≈ 110 − 150 K.

The observation of a single Mn acceptor wave-function with an anisotropic spa-

tial structure has immediately generated a number of yet unresolved questions. An

attempt to answer some of those questions, such as influence of mechanical pressure

and persistence of the cross-like shape in the ferromagnetic Ga1−xMnxAs alloy with

large x, have been made in this thesis. However, in order to build up a complete

picture and fully understand the Mn acceptor state, similar STM experiments on Mn

acceptors in the presence of an electric field have to be carried out.

Moreover, from the analyses carried out in this thesis we conclude that also other

acceptors in cubic III-V semiconductors, such as GaAs, should possess similar spatial
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structures of their acceptor states. At present, it is not certain whether the spin-orbit

interaction is one of the key parameters in the acceptor-shape problem. Thus, it is

very important to investigate the role of the spin-orbit interaction on the degree of

wave-function anisotropy of acceptors. Thus, it would be very interesting to carry

out similar STM experiments on crystals with low spin-orbit interaction, such as Si.

With respect to the nature of the acceptor state and its electronic configuration, it

would be interesting to take a look on the Mn in wide-gap semiconductors such as

GaN, where Mn was predicted to have the 3d4 configuration instead of 3d5 + hole.
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Het belangrijkste resultaat van deze dissertatie is de detectie van de ruimtelijke struc-

tuur van een Mn acceptor golffunctie in GaAs op de atomaire schaal. Hiervoor is

cross-sectional scanning tunneling microscopy gebruikt. De golffunctie van een enkele

Mn acceptor in GaAs heeft de anisotrope vorm van een kruis. Een erg belangrijke

eigenschap van dit geobserveerde effect is dat het ook bestaat bij hoge temperaturen.

Daarom kan men de acceptor toestand van een enkel Mn atoom gebruiken in een

toepassing die opereert bij kamer temperatuur (bijvoorbeeld voor een toepassing die

de overgang van een enkel elektron gebruikt). Het controleren van de spin van de

Mn acceptor is nog uitdagender. Dit kan leiden tot een toepassing van een enkele

Mn acceptor voor dataopslag op nanoschaal, spin-filtering, of implementatie in een

quantum computer. Waarschijnlijk zal deze toepassing echter bij lage temperaturen

in de orde van T ≈ 110 − 150 K het beste opereren.

De observatie van een enkele Mn acceptor golffunctie met een anistrope ruimtelijke

structuur heeft meteen een aantal onopgeloste vragen opgeroepen. In deze dissertatie

is gepoogd enkele van deze vragen te beantwoorden, waaronder de vraag wat de

invloed van mechanische druk is en de vraag of de ruimtelijke vorm van het kruis

behouden blijft in ferromagnetisch Ga1−xMnxAs met hoge concentratie Mn atomen.

Om een volledig beeld te krijgen van de Mn acceptor toestand, is het zeer interessant

soortgelijke STM experimenten op Mn acceptoren in electrisch veld te verrichten.
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Verder volgt uit onze analyses dat andere acceptoren in kubische III-V halfgelei-

ders, zoals GaAs, soortgelijke ruimtelijke structuren zouden moeten bezitten. Op dit

moment is het niet duidelijk of de spin-baan interactie een van de cruciale parameters

in het probleem van de vorm van de acceptor is. Het is erg belangrijk de rol van de

spin-baan interactie op de vorm van de anisotrope golffunctie te onderzoeken. Het zou

erg interessant zijn om soortgelijke STM experimenten uit te voeren op kristallen met

een lage spin-baan interactie, zoals Si. Om meer inzicht te krijgen in de electronische

configuratie van de acceptor toestand, zou het interssant zijn om te kijken naar Mn

in halfgeleiders met een grote bandafstand, zoals GaN, waarvoor voorspeld is dat Mn

een 3d4 configuratie heeft in plaats van 3d5 + hole configuratie.
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Rev. Lett., 59, 240 (1987).

[12] L. Montelius, S. Nilsson, L. Samuelson, E. Janzén, and M. Ahlström, J. Appl.
Phys., 64, 1564 (1988).

[13] B. E. Kane, Nature, 393, 133 (1998).

[14] A. F. W. van de Stadt, P. M. Koenraad, J. M. Shi, J. H. Wolter, and J. T.
Devreese, Phys. Stat. Sol. B, 237, 405 (2003).

129



130 Bibliography

[15] C. G. Van de Walle and J. Neugebauer, Appl. Phys. Rev., 95, 3851 (2004).

[16] Z. F. Zheng, M. B. Salmeron, and E. R. Weber, Appl. Phys. Lett., 64, 1836
(1994).

[17] R. de Kort, M. C. M. M. van der Wielen, A. J. A. van Roij, W. Kets, and
H. van Kempen, Phys. Rev. B, 63, 125336 (2001).

[18] T. C. G. Reusch, M. Wenderoth, L. Winking, R. G. Ulbrich, G. Döhler, and
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[70] F. Máca and J. Mašek, Phys. Rev. B, 65, 235209 (2002).
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List of abbreviations

UHV - ultra-high vacuum.

EMA - effective mass approximation.

TBM - tight-binding model.

STM - scanning tunneling microscope/microscopy.

X-STM - cross-sectional scanning tunneling microscope/microscopy.

TEM - transmission electron microscopy.

STS - scanning tunneling spectroscopy.

DOS - density of states.

SEM - scanning electron microscope/microscopy.

ZRP - zero-range potential.

LO - longitudinal optical phonon.

TA - transverse acoustic phonon.

PL - photoluminescence.

DMS - dilute magnetic semiconductor.

TLRC -true lattice resemblant corrugation.

TIBB - tip induced band -bending.

ML - monolayer.

QD - quantum dot.

MIT - metal to insulator transition.
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J.-M. Tang, and M.E. Flatté: Spatial structure of an individual Mn acceptor in GaAs,
Phys. Rev. Let. 92, 216806 (2004).

A.M. Yakunin, A.Yu. Silov, P.M. Koenraad, W. Van Roy, J. De Boeck, and J.H.
Wolter: Charge state manipulation and imaging of a Mn acceptor state in GaAs
by cross-sectional scanning tunneling microscopy Superlattices and Microstructures
34(3-6), 539 (2004).

A.M. Yakunin, A.Yu. Silov, P.M. Koenraad, W. Van Roy, J. De Boeck, and J.H.
Wolter: STM imaging and tunneling spectroscopy on the (Mn2+3d5 + hole) complex
in GaAs Physica E 21(2-4), 947 (2004).

A.M. Yakunin, A.Yu. Silov, P.M. Koenraad, W. Van Roy, J. De Boeck, and J.H.
Wolter: STM imaging and tunneling spectroscopy on the the (Mn2+3d5 + hole) com-
plex in GaAs, proceedings of the 12th Int. Conf. on Scanning Tunneling Microscopy/
Spectroscopy and Related Techniques, July 21-25, 2003, AIP Conf. Series 696, ed.
By P.M. Koenraad and M. Kemerink, 650 (2003).

A.S. Antonov, N.A. Buznikov, A.B. Granovsky, I.T. Iakubov, A.F. Prokoshin, A.L.
Rakhmanov, and A.M. Yakunin: Magnetization reversal process and nonlinear magneto-
impedance in Cu/NiFe and Nb/NiFe composite wires, JMMM 249(1-2), 315 (2002).

A.S. Antonov, N.A. Buznikov, A.B. Granovsky, A.V. Joura, A.L. Rakhmanov, and
A.M. Yakunin: Domain-walls motion in glass-coated CoFeSiB amorphous microwires,
JMMM 249(1-2), 95 (2002).

143



144 List of publications

A.S. Antonov, N.A. Buznikov, A.F. Prokoshin, A.L. Rakhmanov, I.T. Iakubov, and
A.M. Yakunin: Nonliniar Magnetic Reversal of Copper- Permalloy Composite Wire
Indused by High Frequency Current, J. Tech. Phys. Let. 27(4), 313 (2001).

A.S. Antonov, A.M. Yakunin, A.L. Rakhmanov, N.A. Buznikov, and A.V. Joura:
Nucleation and Motion of Domain Walls in Glass-Coated Co-Based Amorphous Mi-
crowires, Phys. Met. Metallurg. 91, S155-S159 Suppl. 1 (2001).

J.M. Garcia, A. Asenjo, M. Vazquez, A.M. Yakunin, A.S. Antonov, and J.P. Sin-
necker: Determination of Closure Domain Penetration in Electrodeposited Microtubes
by Combined Magnetic Force Microscopy and Giant Magneto-Impedance Techniques,
J. Appl. Phys. 89(6), 1 (2001).

Being prepared for publication:

A.M. Yakunin, A.Yu. Silov, P.M. Koenraad, J.-M. Tang, M.E. Flatté, W. Van Roy,
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