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We numerically mo del the Ge (111)-( 2 � 1 ) surface electronic prop erties in the vicinity of a P donor impurity

atom lo cated near the surface. We �nd a notable increase in the surface lo cal density of states (LDOS) around

the surface dopant near the b ottom of the empty surface state band �

�

, which we call a split state due to its

limited spatial extent and energetic p osition inside the band gap. We show that despite the well-established bulk

donor impurity energy level p osition at the very b ottom of the conduction band, a surface donor impurity on

the Ge (111)-( 2 � 1 ) surface might pro duce an energy level b elow the Fermi energy, dep ending on the impurity

atom lo cal environment. It is demonstrated that the impurity lo cated in subsurface atomic layers is visible in a

scanning tunneling microscop e (STM) exp eriment on the Ge (111)-( 2 � 1 ) surface. The quasi-1D character of

the impurity image, observed in STM exp eriments, is con�rmed by our computer simulations with a note that

a few � -b onded dimer rows may b e a�ected by the presence of the impurity atom. We elab orate a mo del that

allows classifying atoms on the exp erimental low-temp erature STM image. We show the presence of spatial

oscillations of the LDOS by the density-functional theory metho d.

DOI : 10.7868/S0044451015060178

1. INTRODUCTION

At present, it is a common place that the

Ge(111)-( 2 � 1 ) surface consists of � -b onded zigzag

chains. This was con�rmed many times by di�er-

ent means (see [1�3] and the references therein).

Surprisingly, just a few publications are devoted to

investigations of impurity atoms on the (111) surface

of elemental semiconductors [4�11]. And as one can

see, the interest in the Si(111)-( 2 � 1 ) surface is

renewed. But not the interest in the Ge(111)-( 2 � 1 )

surface. This is unexplainable, b ecause Ge is the

main candidate for technology to overcome scaling

limits of Si-based MOSFETs [12]. The knowledge of

lo cal prop erties of Ge, esp ecially of those caused by

impurity atoms, is of vital imp ortance. Besides, the

surface and interface prop erties of Ge(111) have great

signi�cance for Ge spintronics applications. It is known

*
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that Ge has some advantages compared with Si [13].

The scanning tunneling microscopy (STM) metho d is

currently the only physical metho d achieving atomic

resolution in real space. But exp erimenters often su�er

from the lack of some reference p oints provided by

the theory. For example, reliable STM image inter-

pretation still remains a challenging task. There is no

general approach taking all kinds of physical pro cesses

resp onsible for the STM image formation into account.

Below, we rep ort on a surface electronic structure

investigation p erformed by ab initio computer sim-

ulations in the density functional framework, which

is a �rst-order estimation for STM/STS (scanning

tunneling sp ectroscopy) images and can serve as a

basis for further mo del improvements. We restrict

the present investigation to the case of left (negative)

only surface buckling (Fig. 1 a ) b ecause this matter

is still controversial and is the sub ject of intensive

investigations [14�16]. Our research is in some sense

similar to the one rep orted in [4] for the Si(111)-( 2 � 1 )
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surface. But in reconstructing two surface bi-layers

of Ge(111)-( 2 � 1 ) we take all p ossible impurity

p ositions into account, and b esides, our analysis is not

aimed at a pure STM image simulation, but rather at

comprehensive analysis of the lo cal density of states.

2. METHODS

We have p erformed our density-functional theory

(DFT) calculations in the lo cal-density approximation

(LDA) as implemented in the SIESTA package [17].

The use of strictly lo calized numerical atomic or-

bitals is necessary in order to �nish the mo deling of

a large surface cell in reasonable time. The surface

Ge(111)-( 2 � 1 ) sup ercell consists of 7 � 21 cells of el-

ementary 2 � 1 reconstruction, each 8 Ge atomic lay-

ers thick (the total of 2646 atoms). The vacuum gap

is chosen rather big, ab out 20 Å. The Ge dangling

b onds at the slab b ottom surface are terminated with

H atoms to prevent surface state formation. The ge-

ometry of the structure was fully relaxed until atomic

forces have b ecame less than 0.003 eV/Å. More de-

tails ab out the calculations can b e found elsewhere [18].

As we have rep orted earlier, the atomic structure of

the Ge(111)-( 2 � 1 ) surface is strongly disturb ed in the

vicinity of surface defects [ 18 ; 19 ]. A few � -b onded rows

around the defect are a�ected. That is why the geome-

try relaxation has b een p erformed with a large sup ercell

to keep the internally p erio dic DFT images of impurity

well separated. However, this is still an op en question

if the separation of defect images is su�ciently large.

At the last step of simulation, the spatial distribution

of Khon�Sham wave functions and the corresp onding

scalar �eld of the surface electronic lo cal density of

states LDOS ( x; y ; eV ) were calculated. Because of the

strictly lo calized atomic orbitals used in SIESTA, the

sp ecial pro cedure of wave-function extrap olation into

the vacuum has to b e used (it is also implemented in

the SIESTA package).

3. RESULTS

3.1. Geometry and ground-state prop erties

In the STM metho d, the LDOS is measured ab ove

the surface. The tails of wave functions actually make

the image. Hence, in DFT calculations we are inter-

ested in the quantity

LDOS ( x; y ; eV ) �

X

i

j 	

i

( x; y ) j

2

e

� ( E � E

i

) j

z = const

;

where 	 are Khon�Sharm eigenfunctions,

e

� is a �nite-

width smearing function, E

i

are Khon�Sham eigen-

values, and summing is evaluated in a certain plane

( z = const) lo cated a few angstroms ab ove the surface.

Here, the broadening is an essential part of calcula-

tions, b ecause we know from our exp erience that tun-

neling broadening in STM exp eriments on semiconduc-

tors typically amounts to ab out 100 meV. The broad-

ening provides the degree of LDOS smo othing neces-

sary to resemble exp erimental tunneling sp ectra. At

the �rst stage of DFT calculations, the equilibrium ge-

ometry has to b e established in the reconstruction of a

unit cell of Ge(111)-( 2 � 1 ). Afterwards, the unit cell is

enlarged to the desired extent, the defect is intro duced,

and the structure is relaxed again. The �nal step is the

LDOS ( x; y ; eV ) calculation. The results are sketched

in Fig. 1.

Figure 1 b illustrates the electronic structure of a

clean Ge(111)-( 2 � 1 ) surface. Two surface state (SS)

bands, empty ( �

�

) and �lled ( � ), can b e seen in the pro-

jected band gap. The widths of SS bands derived from

Fig. 1 b are � �

�

= 1 : 24 eV and � � = 0 : 44 eV. The sur-

face band gap � E

sbg

is ab out 0.3 eV. As should b e ex-

p ected, the LDA gives the band gap value that is much

smaller than the exp erimental one. SS bands, as well as

bulk bands, are also shown in Fig. 1 b by small grey rect-

angles next to the ordinate axis. This representation

is used in the ma jority of �gures b elow. The surface

band structure is presented for the Ge(111)-( 2 � 1 ) sur-

face with negative buckling. Our calculations predict

that the negative surface isomer is energetically (by al-

most 11 meV p er ( 2 � 1 ) unit cell) more favorable and,

as we stated ab ove, we restrict the present analyses to

the negative buckling only. Jumping ahead, we dis-

play the LDOS ( eV ) curve in Fig. 1 c . The calculated

I ( V ) dep endence on a logarithmic scale is also shown.

The surface LDOS ( eV ) curve is the result of averaging

over the whole 8 � 5 nm

2

area in Fig. 1 a . The gap

right b elow the Fermi level is clearly observed on the

LDOS ( eV ) graph. It do es not corresp ond to the bulk

band gap. The closest resemblance can b e found with

the surface band gap. Rectangles at the absissa axis

in Fig. 1 c illustrate energy p ositions of di�erent bands.

Everywhere b elow, the b ottom of the conduction band

is schematically shown on the �gures for the case of the

Ge(111)-( 2 � 1 ) surface at ro om temp erature. In this

case, the optical band gap is ab out 0.5 eV [20].

To give a clear impression of the relation b etween

the surface band structure and the LDOS, the latter

is also depicted on the left of the surface band dia-

gram in Fig. 1 b . Besides a complicated band diagram

on the surface, bands are b ent near the surface due

to charge accumulation on SSs. This is illustrated in

Fig. 1 d . Thus, there are two p oints of complication for

tunneling into the Ge(111)-( 2 � 1 ) surface. First, the
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Fig. 1. ( a ) Sketches of left and right isomers of the Ge (111)-( 2 � 1 ) surface. Two b onds, appropriate for de�nition, are

marked by arrows. The irreducible Brilloin zones for Ge (111)-( 1 � 1 ) and Ge (111)-( 2 � 1 ) surfaces together with sp ecial

p oints and relevant directions are shown. The mo del surface slab with an impurity atom p ositioned at site 1 is correctly

oriented with resp ect to crystallographic directions. ( b ) Surface band diagram for Ge (111)-( 2 � 1 ) reconstruction. The

empty ( �

�

) and �lled ( � ) surface-state bands can b e seen in the projected band gap. Their energetic p osition is schemat-

ically shown at the ordinate axis by grey rectangles. To illustrate the relation b etween the surface band structure and the

LDOS ( eV ) , the latter is shown in the left pane. The �

�

b ottom and the � top are marked by arrows. The bulk band

energetic p osition is shown on the right. ( c ) The LDOS ( eV ) curve and the I ( V ) curve on a logarithmic scale, averaged

ab ove the whole 8 � 5 nm

2

surface slab shown in Fig. 1 a . ( d ) Surface band structure in energy-space co ordinates. A space

gap b etween the surface and bulk states is visible; E

g s

is the surface band gap, E

g

is the bulk band gap

minimum and maximum of SSs are lo cated near the

�

J p oint (Fig. 1 b ), while STM exp eriment emphasizes

the

�

� p oint. Second, there exists a spatial gap b etween

surface and bulk states at small bias voltage (Fig. 1 c ).

The STM exp eriment on Ge(111)-( 2 � 1 ) surface in-

volves many di�erent pro cesses.

3.2. LDOS scalar �eld representation

In the exp osition in what follows, we fo cus mostly

on the LDOS prop erties, and b efore we go to the

main results, we have to clarify the physical mean-

ing of our data representation for the LDOS. Below,

we sp eak ab out cross-sectioning of the LDOS ( x; y ; eV )

scalar �eld (Fig. 2 a ). The x and y directions corre-

sp ond to [01

�

1] and [2

�

1

�

1] crystallographic directions.

The two most relevant quantities are cross sections of

the scalar �eld LDOS ( x; y ; eV ) in the x; y and x; eV

planes, LDOS ( x; y ) and LDOS ( x; eV ) . The LDOS is

built for di�erent impurity atom p ositions in two sub-

surface bilayers of the Ge(111)-( 2 � 1 ) reconstruction.
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Fig. 2. ( a ) Sketch LDOS ( x; y ; eV ) scalar �eld. Relevant directions are shown. ( b ) Lab els to identify the donor atom

p osition in two surface bilayers of Ge (111)-( 2 � 1 ) reconstruction. The P atom is shown in p osition 1. ( c ) Quasi-3D and

2D representations of the LDOS ( x; y )

j eV =0

cross section of the LDOS ( x; y ; eV ) scalar �eld at zero bias. Sp eci�c p oints

and directions are indicated

The de�nition of our notation for the donor atom p osi-

tion is presented in Fig. 2 b . Worthy of note, the impu-

rity atom do es not exactly o ccupy the same lattice site

as the host atom it substitutes. In Fig. 2 c , we show

the cross sections LDOS ( x; y ) j

eV =0

at a �xed bias volt-

age for a P donor atom lo cated at p osition 1 in the

surface bilayer. These images roughly corresp ond to

exp erimental STM images, b ecause at small bias volt-

age there are not to o many sharp LDOS features con-

tributing to the image. It can b e seen from Fig. 2 that

two � -b onded rows of surface reconstruction are in�u-

enced by the impurity. In each row, a protrusion can b e

observed. The spatial extent of the impurity-induced

feature along the direction of the � -b onded dimer row

( [01

�

1] direction) is at least 40 Å. We note two distin-

guishable maxima on the protrusion. We return to this

fact later. Arrows and dots on the image, as well as

a � a

0

and b � b

0

lines, mark spatial p oints and directions

referred to in the �gures b elow.

3.2.1. Split state

We have found a notable increase in the LDOS in

the vicinity of an impurity atom at the b ottom of the

empty SS band �

�

. We refer to it as a split state. Fi-

gure 3 proves the validity of this terminology. In the

�gure, the LDOS ( x; y ; eV ) �eld is shown by surfaces

of equal value, colored by the applied tunneling bias

voltage. The LDOS is drawn for two � -b onded rows

denoted as a � a

0

and b � b

0

in Fig. 3. The donor atom

p osition is depicted in the �gure. To prevent the con-

fusion caused by a quasi-3D picture, we clarify that the

impurity is lo cated on the left side for the � -b onded

row b � b

0

, and on the right side for the � -b onded row

a � a

0

. We note some imp ortant facts ab out this LDOS

representation. First of all, high LDOS values are con-

�ned within areas b ounded by a constant-value surface.

They are p erfectly lo calized ab ove the � -b onded rows.

This is the reason why only every second dimer row is

imaged by STM. In b etween the � -b onded rows, the

LDOS is relatively low. Beside, all round-shap ed ver-

tical structures in the � -b onded row are lo cated ab ove

the up-atom. The down-atom can b e found in b etween

them. Such a spatial structure of the LDOS is a con-

sequence of the collective � -b ond formation. STM can

only image the up-row dimers, and therefore, only up-

rows. Basically, with the used approach, the � -b onds

can also b e directly visualized [18]. The hybridization

of atomic orbitals is clearly visible from Fig. 3. It is

very strong in the close proximity of a surface defect.

This causes the app earance of a sp eci�c feature near

the b ottom of the empty SS band (marked by arrows

in Fig. 2). The limited spatial and energy extents of

this feature as well as its p osition in the band gap im-

ply that this is indeed a split state. We are working

with the microscopic picture, on the level of individual

atoms. That is why we are able to see the connection

b etween atomic orbital hybridization and the macro-

scopic band structure. Surface states app ear due to

atomic arrangement of the surface. Split states app ear
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Fig. 3. LDOS ( x; y ; eV ) �eld ab ove rows a � a

0

and b � b

0

(see Fig. 2) shown by constant-value surfaces. Coloring corresp onds

to the applied bias voltage. The split state in the band gap can b e clearly observed ab ove b oth dimer rows. Note the

changes of structure at the right of the CB features and strong hybridization of atomic orbitals around the impurity atom

due to changes in this arrangement around the defect.

They b oth have the same ro ot: hybridization of atomic

orbitals. One problem exists. It is di�cult to de�ne

the energetic p osition reference level: is it the Fermi

energy or the SS �

�

-band b ottom? To b e accurate, we

refer to the Fermi level, i. e., the split state is lo cated

at the Fermi level, and not near the �

�

b ottom.

3.2.2. Energy pro�les

Imp ortant for understanding our results are the

cross sections LDOS ( x; eV ) j

a � a

0

( b � b

0

)

at a �xed y co-

ordinate, which are shown in Fig. 4. They are taken

along ( a � a

0

) and ( b � b

0

) planes in Fig. 2, i. e., along

� -b onded rows of Ge(111)-( 2 � 1 ) reconstruction. Ar-

eas near the Fermi level, where a split state resides, are

zo omed in on the insets. The p ositions of the Fermi

level E

F

, the conduction band (CB) b ottom, the va-

lence band (VB) top, and the empty �

�

and �lled � SS

bands are indicated in Fig. 3. According to our DFT

calculations, the VB top almost coincides with the b ot-

tom of the empty SS band �

�

and the Fermi level (see

Fig. 1 and Ref. [18]). Even more, the �

�

band can b e

partially �lled at a very high doping ratio [21]. For a

Ge(111)-( 2 � 1 ) surface with negative buckling, our cal-

culations also predict the p osition of the empty SS �

�

band b ottom ab out tens of meV b elow the Fermi level.

The prop ortions of LDOS ( x; eV ) images are chosen on

purp ose in a way that is convenient for exp erimenters.

Typically, the numb er of p oints along the spatial direc-

tion is less than the numb er of bias voltage p oints, and

the tunneling sp ectra image is elongated in the vertical

direction. Although the DFT band gap in the LDA is

nonphysically small, it is also shown in Fig. 4 a for com-

pleteness. The distribution LDOS ( x; eV ) is reach in

features. Its cross section along the x co ordinate gives

the LDOS ( x ) pro�le exactly in the same way as do es

the cross-sectioning of LDOS ( x; y ) (see Fig. 1) along

the x co ordinate.

The cross sections of ( a � a

0

) and ( b � b

0

) planes along

the c � c

0

line are shown in Fig. 4 b . We can see two

distinct maxima on the pro�les. Imp ortantly, the spa-

tial extent of p erturbation is obviously ab out 80 Å. The

40 Å estimation from Fig. 2 su�ers from unsu�cient

contrast of the LDOS ( x; y ) j

eV =0

image. The cross sec-

tion of LDOS ( x; eV ) along the eV co ordinate ( d � d

0

,

e � e

0

, f � f

0

, and g � g

0

lines in Fig. 4 a ) corresp onds to

p oint sp ectroscopy LDOS ( eV ) dep endences (Fig. 4 c )

at the LDOS ( x ) pro�le p oints marked by vertical ar-

rows in Fig. 4 b . These are p oints shown in Fig. 2 by

dots and arrows. The curves d � d

0

and f � f

0

are taken

b etween dimers in the � -b onded row, while the curves

e � e

0

and g � g

0

are taken on top of dimers (see Figs. 2

and 4 b ). Minima and maxima refer to the bias voltage

equal to � 0 : 5 V. For the whole range of bias voltage,

the LDOS values collected b etween dimers are higher

than the value on top of dimers, except for a narrow

interval in the vicinity of the Fermi energy, where the

split state resides. This split state contributes to the

increase in the LDOS on top of dimers in the � -b onded

row. Hence, the protrusion consisting of a few dimers

app ear on the LDOS ( x; y ) (as well as on STM) image.

It follows from Fig. 4 c that the contrast of protrusion

is higher on the ( a � a

0

) plane than on the ( b � b

0

) plane,

and this indeed can b e observed in Fig. 2.

3.2.3. Spatial pro�les

In Fig. 5, to illustrate the usefulness of the

LDOS ( x; eV ) map, we show a set of cross sections along

the spatial co ordinate for a P donor atom lo cated at
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Fig. 4. ( a ) 2D LDOS ( x; eV ) distributions taken along a � a

0

and b � b

0

planes in Fig. 2. The impurity atom is at 1 site. Two

rectangles at the left side corresp ond to optical and DFT conduction band p ositions. ( b ) Pro�les of ( a � a

0

) and ( b � b

0

) planes

along the c � c

0

line, which are essentially the same as pro�les of images in Fig. 2 along a � a

0

and b � b

0

lines. ( c ) Pro�les

of a � a

0

and b � b

0

images along d � d

0

, e � e

0

, f � f

0

, and g � g

0

lines, which are LDOS ( eV ) dep endences at the p oints shown in

Fig. 2 by black dots and white arrows. Axis directions and image size are indicated

p osition 1. The pro�les are slightly low-pass �ltered

to stress the long-range features, and they therefore

lo ok somewhat di�erent compared to Fig. 4 b . When

the tunneling bias changes, the LDOS ( x ) pro�le also

changes, revealing depressions and protrusions of di�er-

ent shap es. The pro�le corresp onding to the split-sta-

te energy (and to the presence of a protrusion on the

STM image) is marked by a grey ellipse. We can easily

see that the protrusion amplitude at the Fermi level

is much less than the amplitude of features at other

bias voltages (see also Fig. 4 c ). We also note that the

impurity LDOS image might have an elongated hil-

lo ck-like shap e at p ositive bias (empty states). This

means that the protrusion on the LDOS image is not

caused by charge density e�ects (like charge screen-

ing). To the b est of our knowledge, this fact was never

clearly stated. In other words, the STM image of the

Ge(111)-( 2 � 1 ) surface [8] (as well as the Si(111)-( 2 � 1 )

surface [4�6]) around a surface defect is dominated by

the split state in the vicinity of the Fermi level, al-

though the amplitude of the e�ect is relatively small.

3.2.4. Quasi-3D representation

To give even more insight into the p ower of the

LDOS ( x; eV ) data representation, it is drawn as a qua-
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dimer row in the vicinity of the P atom, lo cated at p osition 1 on the Ge (111)-( 2 � 1 )
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si-3D surface in Fig. 6. Height is given on a logarith-

mic scale to increase the image height contrast. The

LDOS value is enco ded b oth by height and by color.

The spatial and energetic p ositions of sp eci�c features

of the tunneling sp ectrum can b e easily deduced from

the �gure. The split state (zo omed in on the inset) is

lo cated at the Fermi level. It has a cigar-like spatial

shap e, which is directly re�ected in the shap e of the

protrusion on the LDOS ( x; y ) image. It is also obvi-

ous from Fig. 6 that the split state actually �lls the

whole width of the LDOS ( x; eV ) sp ectrum. Hence, we

cannot completely exclude the p ossibility of an overlap

of impurity-induced electronic features b etween neigh-

b oring sup ercells of calculation. This overlap can in-

tro duce some di�culty in estimating errors in quantum

mechanical evaluation of forces. This is the main reason

why we have increased the size of the geometry relax-

ation surface cell to the upp er available to its limit. We

now �nish the overview of data representation. Taking

the foregoing into account, we can conclude that, given

LDOS ( x; eV ) , it is readily p ossible to estimate the out-

lo ok of p oint sp ectroscopy curves as well as the shap e of

spatial pro�les. That is why the results of calculations

of electronic prop erties for all 8 p ossible p ositions of the

P impurity atom in two surface bilayers (see Fig. 2) are

presented b elow in Fig. 8 as LDOS ( x; eV ) maps.

3.3. Lo cal tunneling sp ectroscopy

Another problem we would like to discuss is the lo-

cal sp ectroscopy LDOS ( eV ) curves. This article is writ-

ten with exp erimental needs in mind, and we therefore
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Fig. 7. Theoretical tunneling sp ectra obtained ( a ) by averaging over A and B areas and ( b ) by p oint measurement at a , b ,

c , and d p oints. The dashed line on the left plane is the exp erimental tunneling sp ectrum. Insets depict the zo omed in part

of LDOS ( eV ) curves around the Fermi energy. The middle part sketches the surface area ab ove which the sp ectroscopy was

p erformed. Areas A and B are resp ectively lo cated ab ove the a � a

0

and b � b

0

� -b onded dimer rows (see Fig. 2). Points b

and d are lo cated on the top of dimers in a row, while p oints a and c lie b etween the dimers. The band structure is shown

on the abscissa axis

analyze sp ectroscopy curves as if they were obtained by

STM. There are two approaches to measure the tunne-

ling sp ectra. One is the simple I ( V ) curve measure-

ment at a certain surface p oint. It heavily relies on a

very high stability of the mechanical system. Basically,

this is the case in recent years. Another approach is

based on averaging the I ( V ) curves ab ove some surface

area. It is less sensitive to di�erent noise. The problem

is that the two approaches can give results that are

di�erent at �rst glance. In Fig. 7, we present mo del

tunneling sp ectra for di�erent measurement conditions

for a P atom lo cated at site 1. In Fig. 7 a , there are

sp ectra averaged over A and B areas ab ove � -b onded

rows. In Fig. 7 b , sp ectroscopy curves at p oints a , b , c ,

and d are depicted. Points b and d are lo cated on the

top of dimers in a row. Points a and c are b etween the
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dimers. Curves A and B are almost indistinguishable,

although the heights of protrusions along a � a

0

and b � b

0

lines (see also Fig. 2) on the LDOS ( x; y ) image strongly

di�er. The split state is lo cated close to the Fermi level,

and this part of the sp ectrum is zo omed in on the in-

set. The di�erence in the averaged sp ectra is on a few

p ercent scale, which apparently is not enough to draw

any reliable conclusions. We note a nonzero tunneling

conductivity at the Fermi energy. The dashed line in

Fig. 7 a corresp onds to exp erimental tunneling sp ectro-

scopy data.

We can see a reasonably go o d agreement b etween

theory and exp eriment. The data was obtained by ave-

raging over a relatively small surface area, and hence

it lo oks more similar to p oint sp ectroscopy.

As to p oint sp ectroscopy, we can easily discrimi-

nate atomic-size features. Dimers at similar p ositions

in di�erent dimer rows give di�erent tunneling sp ectra

(Fig. 7 b ). Even the relatively small di�erence ab ove the

elevated features along dimer rows is obvious. Lo ok-

ing at the sp ectra obtained by di�erent metho ds, we

can conclude that p oint sp ectroscopy do es not give im-

mediate impression of the band structure, while sp ec-

troscopy with averaging do es. Averaging two p oint

sp ectroscopy curves, one on top of the dimer and the

other in b etween dimers, gives a curve similar to the

averaged sp ectroscopy curve. We also note the verti-

cal scales on b oth panels. The averaging signi�cantly

decreases the maximum value. There are no obvious

sp eci�c p oints on the numerical tunneling conductivity

I ( V ) dep endence (nor on its derivative) allowing sim-

ple determination of band gap edges (see Fig. 1). In

other words, having p erfectly de�ned I ( V ) and kno-

wing the LDOS, we cannot determine the band gap,

although this can b e caused by the very narrow DFT

band gap. Another conclusion that can drawn from lo-

cal sp ectroscopy analysis is that it is almost imp ossible

to identify an individual impurity on the Ge(111)-( 2 � 1 )

surface relying only on the results of lo cal sp ectroscopy.

As we discussed earlier, the LDOS maps should b e used

together with lo cal sp ectroscopy data [ 18 ; 22 ].

3.4. DFT surface LDOS around a P donor

impurity

We note the most imp ortant features of the calcu-

lated images. As we have discussed earlier, the empty

SS band �

�

is governing the STM image formation for

the Ge(111)-( 2 � 1 ) surface [ 18 ; 23 ] in the band gap re-

gion. Now the same concerns the split state. The STM

image is dominated by the split state in the vicinity

of the Fermi energy. The noticeable in�uence of sur-
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Fig. 8. (1�8) LDOS ( x; eV ) maps along the b � b

0

dimer

row in the vicinity of a P atom lo cated at di�erent p o-

sitions in subsurface layers of the Ge (111)-( 2 � 1 ) sur-

face. Numb ers indicate the atom p osition (see Fig. 2).

The energy di�erence � E in electronvolts relative to

p osition 7 as well as the split-state p osition are indi-

cated. The area of the split state is zo omed in on

every panel. ( 1

0

, 6

0

, 8

0

) LDOS ( x; eV ) maps along the

a � a

0

dimer row in the case where two � -b onded rows

are disturb ed by an impurity atom; ( 4

00

) LDOS ( x; eV )

map for two donor atoms lo cated at p ositions 4 and 6.

Note the split state lo cated b elow the Fermi level

face states inside the CB and VB can b e inferred from

Fig. 8. There are LDOS p eculiarities near the top of

the empty SS band �

�

and at the edges of the �lled SS

band � . They are imaged as horizontal bright strip es.

For all P doping atom p ositions except p osition 3, the

split state is lo cated at the Fermi level. When the P

impurity is placed at p osition 3, the split state can b e
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observed b elow the Fermi energy (Fig. 8(3)). Position 2

is somewhat sp eci�c. In this case, the impurity atom is

directly breaking the � -b onded chain, and this strongly

in�uences LDOS ( x; eV ) (Fig. 8(2)): at almost all p os-

sible bias voltage values, the impurity LDOS image has

two well-pronounced p eaks.

As with other semiconductors, an individual impu-

rity is visible in STM exp eriment when it is lo cated

b elow the Ge(111)-( 2 � 1 ) surface (Fig. 8(5�8)).

To the b est of our knowledge, we rep ort this for

the �rst time (alb eit it should b e rather obvious from

simple sp eculations). The crystal lattice is disturb ed

noticeably far from an atomic-size defect [19], and this

disturbs the p erfectness of collective � -b onding in a few

dimer rows. There is also another p ossibility. The P

impurity is a shallow impurity in Ge, its ionization en-

ergy is 13 meV. Therefore, its lo calization radius should

b e large, in a 50 Å range. The LDOS observed by

STM for the Ge(111)-( 2 � 1 ) surface, in particular, must

have two contributions: one quasi-1D, coming from sur-

face reconstruction, and the other coming from ionized

donors with large lo calization radii. These two contri-

butions are sup erimp osed on each other. The resulting

STM image would b e a linear structure caused by ( 2 � 1 )

reconstruction, with wide sp ots originating from impu-

rities. These sp ots are p o orly visible b ecause of p erfect

screening by � -b onded electrons, but some in�uence

should exist. The calculations for an impurity deep b e-

low the surface are to b e done in the future and there is

a need to reanalyze exp erimental data thinking in this

direction.

We also mention that the ab ove sp eculations must

b e taken with great care, b ecause common sense might

often b e misleading in surface physics. The overall b e-

havior of impurity LDOS images strongly di�ers, de-

p ending on the p osition of the donor atom in the crys-

tal cell. This is observed even for subsurface defects.

The same P donor impurity may lo oks as a protrusion,

a depression, a protrusion sup erimp osed on a depres-

sion, etc. It dep ends b oth on the spatial lo cation of the

impurity and on the applied bias voltage. The atomic

orbitals in the vicinity of surface defects are strongly

hybridized. This results in a b ending of up/downward

band edges. The insets in Fig. 8, with split state ar-

eas zo omed in with high contrast, illustrate this. Basi-

cally, the orbital hybridization leads to a sp eci�c spa-

tial shap e of the tunneling sp ectra LDOS ( x; eV ) and,

in other words, to the app earance of lo cal electronic

density spatial oscillations [ 18 ; 19 ]. We note that these

are not charge density oscillations, b ecause they are

observed in the empty-state energy range (ab ove the

Fermi level).

Spatial LDOS oscillations on the Ge(111)-( 2 � 1 )

surface were the sub ject of Ref. [24]. The energy di�er-

ences measured with resp ect to the total energy of the

system of 2646 atoms with a P donor atom at p osition

7 are shown on every pane in Fig. 8. The di�erence

is not very large. At least, we supp ose, it do es not al-

low making any conclusions ab out the most favorable

p osition of the donor atom. The di�erence is large for

donor p ositions 8. We do not have any explanation for

the huge energy gain for impurity p osition 8. At the

same time, this energy di�erence applies to a huge sur-

face slab. Due to slightly di�erent atom relaxation, a

few electronvolts can easily b e acquired by the whole

sup ercell. Also, the thickness of the mo del slab might

not b e su�cient.

The last row in Fig. 8 is to b e describ ed in what

follows. The LDOS (and STM) image of an indi-

vidual impurity is dominated by the split state at

zero (see Fig. 2) and the low bias (see ab ove) vol-

tage as illustrated by Fig. 9, where zero bias maps

of LDOS ( x; y ) j

eV =0

for di�erent donor atom p ositions

are presented together with the corresp onding quasi-3D

images. The pro�les along the b � b

0

direction (the same

for Fig. 2 and Fig. 9) are shown on the maps with equal

scales.

Three things can b e immediately noticed from

Fig. 9. First, one or two � -b onded rows are a�ected by

the donor impurity. Second, one or two lo cal maxima

are present on the pro�le. Third, the distance b etween

maxima can b e one or two dimers along the � -b onded

row (the [01

�

1] direction). This is shown in Fig. 9 by

thin lines and arrows and is summarized in Table 1.

Thus, the P donor impurity at p osition 1 is imaged

as a two-row feature with two maxima in a row and

the double dimer distance b etween the maxima. To b e

absolutely accurate, not two, but a few rows are af-

fected by the impurity. The situation is the same as

with the spatial extent of the LDOS image protrusion.

One should either increase the contrast of images (see

Fig. 9 c ) or use pro�les in analysis (Fig. 9 b ). Reducing

to two disturb ed rows allows classifying LDOS images

of the impurity lo cated at di�erent p ositions.

Now we can return to the lowest row in Fig. 8. Im-

ages 1

0

, 6

0

, and 8

0

corresp ond to cross sections of the

LDOS ( x; y ; eV ) scalar �eld along the ( a � a

0

) plane (see

Fig. 2), i. e., along the second (along with b � b

0

) dis-

turb ed � -b onded row. As can b e seen from Fig. 8,

the split state is also present on these images (see also

Fig. 3). Images 6

0

and 8

0

are similar, with the main dif-

ference b eing the image contrast. The LDOS image for

the P donor placed at p osition 7 is not shown b ecause

the LDOS maps along a � a

0

and b � b

0

dimer rows are al-
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Fig. 9. ( a ) LDOS ( x; y ) maps in vicinity of a P atom

lo cated at di�erent p ositions in subsurface layers of the

Ge (111)-( 2 � 1 ) surface. Numb ers denote atom p osi-

tions. Maps are given for a zero bias voltage. Pro�les

along the b � b

0

line are sketched on maps. White lines

and arrows mark the p ositions of maxima in the dimer

row nearest to the impurity atom. Crystallographic di-

rections and image size are indicated. The lines a � a

0

and b � b

0

are the same as in Fig. 2. ( b ) The pro�les of

LDOS ( x; y ) maps along the b � b

0

line on the same scale.

Note the shift of the pro�le for p osition 2. ( c ) High-

contrast LDOS ( x; y ) map for the impurity at p osition

1, illustrating the disturbance of the surface electronic

structure in a few � -b onded dimer rows

most identical. At the same time, in other cases, the

di�erence b etween the a � a

0

and b � b

0

maps is rather big.

The only exceptional case among LDOS ( x; eV ) images

1�8 is the case of the impurity at p osition 3, when the

split state go es b elow the Fermi level.

To check whether this situation can b e repro duced

with a slightly di�erent atomic environment, we have

p erformed calculations for two impurities lo cated at dif-

Table 1. P donor impurity LDOS image prop er-

ties

Atom p osition 1 2 3 4 5 6 7 8

Two rows + � � � � + + +

Two maxima + + + + + � + +

Numb er of dimers 2 2 1 1 1 � 2 1

ferent p ositions in the atomic lattice. The �rst impurity

was �xed at p osition 6, while the second was sequen-

tially placed at p ositions from 1 to 4. The results for

a P4�P6 pair are depicted in Fig. 8( 4

0

). We can see

that the split state for the impurity at p osition 4 was

shifted b elow the Fermi level by adding the second im-

purity to p osition 6. Thus we proved that the split

state lo cation b elow the Fermi energy can b e observed

at di�erent conditions. The comprehensive analysis of

donor pairs is b eyond the scop e of this pap er.

3.5. Spatial oscillations of LDOS

We have a data array with a high signal-to-

noise ratio. Therefore, we can easily use some

calibration scheme. Figure 10 depicts the ratio

LDOS ( x; eV ) = h LDOS ( eV ) i

x

. The role of the split state

b ecomes absolutely obvious. But we can also see hy-

p erb olic branches. It is well known that such branches

lead to the app earance of a quasilinear shap e of the

1D Fourier sp ectrum. We can con�rm this by detailed

analysis of a single LDOS ( x; eV ) sp ectrum. This sp ec-

trum is a sp ecial case in the sense that it was calculated

for a 35 � 7 surface slab to improve the quality of sp ec-

tra. The 2D fast Fourier transform (FFT) sp ectrum is

calculated by p erforming the 1D FFT on each row of

the original image and then putting them next to each

other. We can see the sinc envelop e coming from a lim-

ited character of the 1D sp ectra and a bunch of quasi-

1D disp erging branches. These branches are lo cated

at higher harmonics of the main frequency. To show

another metho d of obtaining hyp erb olic branches, we

can take the smo othed second spatial derivative � ( x ) ,

� ( eV ) . The result is shown on panel 3 in Fig. 11. This

image has a close resemblance to the image in Fig. 10.

3.6. Mo del limitations

We sp ecify the strong assumptions used in the

present calculations. Some of them are imp osed by the

very big simulation sup ercell. In particular, we have
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x

maps along the b � b

0

dimer row in the vicinity of the

P atom lo cated at di�erent p ositions in subsurface lay-

ers of the Ge (111)-( 2 � 1 ) surface. Numb ers denote

the atom p osition (see Fig. 2)

p erformed the simulation in the LDA approximation.

It is known to give nonphysically small values of band

gaps. This can b e slightly improved by the general

gradient approximation (GGA), but real improvements

can b e achieved only with computationally exp ensive

GW many-b o dy corrections [14]. At the same time,

the cheap scissors metho d works quite well [3]. There

is no STM tip density of states in our results. There

is no correction for a closed STM feedback lo op. The

LDOS values are calculated on the plane ab ove the sur-

face. In our mo del, we cannot account for the surface

band b ending. We simply do not have a su�ciently

thick mo del slab. Our slab is ab out 15 Å thick, and the

depletion layer on the Ge(111)-( 2 � 1 ) surface with the

n typ e of bulk conductivity is almost 250 Å thick. The

depletion layer strongly a�ects the picture of tunneling

for n -typ e-dop ed Ge samples [8]. The same concerns

the Si(111)-( 2 � 1 ) surface. That is why our mo del

STM images do not coincide exactly with exp erimen-

tal observations, but nevertheless the corresp ondence

is reasonable. All LDOS ( x; eV ) maps (except at p o-

sition 3) predict the presence of a protrusion on the

STM images at a zero (and small) bias voltage, which

a

b

c

Fig. 11. ( a ) High-resolution LDOS ( x; eV ) image of a

P impurity at p osition 3. ( b ) 2D FFT built from the

1D FFT of every row. ( c ) Smo othed second spatial

derivative of LDOS ( x; eV )

indeed agrees with exp eriment. We did not �nd any

substantial di�erence when explicitly adding charge to

the impurity atom.

3.7. Low-temp erature STM surface LDOS

around the P donor impurity

Having the ab ove classi�cation, we can apply it to

the test case. Si(111)-( 2 � 1 ) and Ge(111)-( 2 � 1 ) sur-

faces are similar in many senses. It is p ossible to p er-

form a simple check of our results by comparing with

the Si(111)-( 2 � 1 ) surface [4]. In general, the situa-

tion with STM imaging of individual impurities is much

simpler on the Si(111)-( 2 � 1 ) surface. The empty SS

band �

�

and the VB are separated by a gap of ab out

0.4 eV [15]. Near the Fermi level, there are no states

available for tunneling, but only empty surface states.

That is why the STM impurity images on Si(111)-( 2 � 1 )

are much easier to classify. In accordance with Fig. 9

and Table 1, the conclusions of the authors can b e im-
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Table 2. P donor impurity LDOS image prop er-

ties

Atom p osition 1 2 3 4 5 6 7 8

Two rows + � � � � + + +

Two maxima + + + + + � + +

Numb er of dimers 2 2 1 1 1 � 2 1

Atom c a g d e f b h

mediately con�rmed. In our notation, Fig. 2 a in [4]

corresp onds to P in p osition 2, Fig. 2 b in [4], to P in

p osition 4, and Fig. 2 c in [4], to P in p osition 1. The re-

maining unclear feature (Fig. 2 d in [4]) most probably

is the STM image of a vacancy at p osition 6.

We have also p erformed our own low-temp erature

STM investigation of a clean Ge(111) surface. The

samples under investigation were cut from a heavily

dop ed (resistivity 1 
 � cm) Ge single crystal with n -ty-

p e bulk conductivity. The doping element was phos-

phorus, which is a shallow impurity with the ionization

energy 13 meV, and the doping ratio was rather high,

ab out 8 � 10

18

cm

3

. The samples were 1 : 5 � 1 : 5 � 5 mm

3

slabs with the long axis aligned in the [111] direc-

tion. Samples were cleaved in situ in ultrahigh va-

cuum conditions and then immediately transfered to

a low-temp erature chamb er with the base pressure

5 � 10

� 12

Torr. The exp eriments have b een done us-

ing the commercially available low-temp erature UHV

Omicron system. The system was equipp ed with a cus-

tom built sample cleavage mechanism. We have used

tungsten tips sharp ened with �eld emission.

Typical low-temp erature STM images of the

Ge(111)-( 2 � 1 ) surface are presented in Fig. 12.

The image in Fig. 12 a depicts the domain b oundary

together with the impurity atom. With our simpli�ed

classi�cation, we can state that it is a P atom at

p osition 2: one row, two maxima, two dimer distance

b etween maxima. Besides, it demonstrates excellent

quality of images that are not �ltered in any way.

Using the same classi�cation scheme, we arrive at

Table 2, which is our main result. Our relatively simple

mo del �ts real world. Feature i do es not corresp ond to

an impurity lo cated in the �rst two bilayers. We have

also p erformed computer simulation for a vacancy

lo cated near the surface. The b est corresp ondence

b etween the STM image feature i is for a single atom

vacancy lo cated at site 6. Spatial oscillations around

the impurity atom were observed exp erimentally [24].
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Fig. 12. ( a ) High-resolution STM image of a P impu-

rity at p osition 2. ( b and c ) Two representations of

the same surface area. Di�erent features are marked

by letters

4. CONCLUSION

In conclusion, we have p erformed a numerical

mo deling of the Ge(111)-( 2 � 1 ) surface electronic

prop erties in the vicinity of a P donor impurity atom

lo cated near the surface. We have found a notable

increase in the surface LDOS around the surface

dopant near the b ottom of the empty surface-state

band �

�

, which we called the split state due to its

limited spatial extent and energetic p osition inside

the band gap. This state governs the STM image of

an impurity in the vicinity of the Fermi energy on

the Ge(111)-( 2 � 1 ) surface. We show that despite

the well-established bulk donor impurity energy level

p osition at the very b ottom of the conduction band, a

surface donor impurity on the Ge(111)-( 2 � 1 ) surface

might pro duce an energy level b elow the Fermi energy,

dep ending on the impurity atom lo cal environment.

It was demonstrated that the impurity lo cated in

subsurface atomic layers is visible in STM exp eriment

on the Ge(111)-( 2 � 1 ) surface. The quasi-1D character

of the impurity image observed in STM exp eriments

is con�rmed by our computer simulations with a note
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that a few � -b onded dimer rows may b e a�ected by the

presence of the impurity atom. We have elab orated a

mo del that allows classifying atoms on an exp erimental

low-temp erature STM image. We showed the presence

of spatial oscillations of the LDOS by DFT metho ds.
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