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TUNNELING SPECTROSCOPY OF A PHOSPHORUS IMPURITYATOM ON THE Ge(111)-(2� 1) SURFACES. V. Savinov a, A. I. Oreshkin a*, S. I. Oreshkin b, C. van Haesendon
k 
aLomonosov Mos
ow State University119991, Mos
ow, RussiabSternberg Astronomi
al Institute, Lomonosov Mos
ow State University119991, Mos
ow, Russia
Laboratorium voor Sto�ysi
a en MagnetismeB3001, Heverlee, BelgiumRe
eived O
tober 7, 2014We numeri
ally model the Ge(111)-(2 � 1) surfa
e ele
troni
 properties in the vi
inity of a P donor impurityatom lo
ated near the surfa
e. We �nd a notable in
rease in the surfa
e lo
al density of states (LDOS) aroundthe surfa
e dopant near the bottom of the empty surfa
e state band ��, whi
h we 
all a split state due to itslimited spatial extent and energeti
 position inside the band gap. We show that despite the well-established bulkdonor impurity energy level position at the very bottom of the 
ondu
tion band, a surfa
e donor impurity onthe Ge(111)-(2� 1) surfa
e might produ
e an energy level below the Fermi energy, depending on the impurityatom lo
al environment. It is demonstrated that the impurity lo
ated in subsurfa
e atomi
 layers is visible in as
anning tunneling mi
ros
ope (STM) experiment on the Ge(111)-(2 � 1) surfa
e. The quasi-1D 
hara
ter ofthe impurity image, observed in STM experiments, is 
on�rmed by our 
omputer simulations with a note thata few �-bonded dimer rows may be a�e
ted by the presen
e of the impurity atom. We elaborate a model thatallows 
lassifying atoms on the experimental low-temperature STM image. We show the presen
e of spatialos
illations of the LDOS by the density-fun
tional theory method.DOI: 10.7868/S00444510150601781. INTRODUCTIONAt present, it is a 
ommon pla
e that theGe(111)-(2� 1) surfa
e 
onsists of �-bonded zigzag
hains. This was 
on�rmed many times by di�er-ent means (see [1�3℄ and the referen
es therein).Surprisingly, just a few publi
ations are devoted toinvestigations of impurity atoms on the (111) surfa
eof elemental semi
ondu
tors [4�11℄. And as one 
ansee, the interest in the Si(111)-(2 � 1) surfa
e isrenewed. But not the interest in the Ge(111)-(2 � 1)surfa
e. This is unexplainable, be
ause Ge is themain 
andidate for te
hnology to over
ome s
alinglimits of Si-based MOSFETs [12℄. The knowledge oflo
al properties of Ge, espe
ially of those 
aused byimpurity atoms, is of vital importan
e. Besides, thesurfa
e and interfa
e properties of Ge(111) have greatsigni�
an
e for Ge spintroni
s appli
ations. It is known*E-mail: oreshkin�spmlab.phys.msu.su, oreshkin�spmlab.su

that Ge has some advantages 
ompared with Si [13℄.The s
anning tunneling mi
ros
opy (STM) method is
urrently the only physi
al method a
hieving atomi
resolution in real spa
e. But experimenters often su�erfrom the la
k of some referen
e points provided bythe theory. For example, reliable STM image inter-pretation still remains a 
hallenging task. There is nogeneral approa
h taking all kinds of physi
al pro
essesresponsible for the STM image formation into a

ount.Below, we report on a surfa
e ele
troni
 stru
tureinvestigation performed by ab initio 
omputer sim-ulations in the density fun
tional framework, whi
his a �rst-order estimation for STM/STS (s
anningtunneling spe
tros
opy) images and 
an serve as abasis for further model improvements. We restri
tthe present investigation to the 
ase of left (negative)only surfa
e bu
kling (Fig. 1a) be
ause this matteris still 
ontroversial and is the subje
t of intensiveinvestigations [14�16℄. Our resear
h is in some sensesimilar to the one reported in [4℄ for the Si(111)-(2�1)1230
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tros
opy of a phosphorus impurity atom : : :surfa
e. But in re
onstru
ting two surfa
e bi-layersof Ge(111)-(2 � 1) we take all possible impuritypositions into a

ount, and besides, our analysis is notaimed at a pure STM image simulation, but rather at
omprehensive analysis of the lo
al density of states.2. METHODSWe have performed our density-fun
tional theory(DFT) 
al
ulations in the lo
al-density approximation(LDA) as implemented in the SIESTA pa
kage [17℄.The use of stri
tly lo
alized numeri
al atomi
 or-bitals is ne
essary in order to �nish the modeling ofa large surfa
e 
ell in reasonable time. The surfa
eGe(111)-(2� 1) super
ell 
onsists of 7� 21 
ells of el-ementary 2 � 1 re
onstru
tion, ea
h 8 Ge atomi
 lay-ers thi
k (the total of 2646 atoms). The va
uum gapis 
hosen rather big, about 20Å. The Ge danglingbonds at the slab bottom surfa
e are terminated withH atoms to prevent surfa
e state formation. The ge-ometry of the stru
ture was fully relaxed until atomi
for
es have be
ame less than 0.003 eV/Å. More de-tails about the 
al
ulations 
an be found elsewhere [18℄.As we have reported earlier, the atomi
 stru
ture ofthe Ge(111)-(2� 1) surfa
e is strongly disturbed in thevi
inity of surfa
e defe
ts [18; 19℄. A few �-bonded rowsaround the defe
t are a�e
ted. That is why the geome-try relaxation has been performed with a large super
ellto keep the internally periodi
 DFT images of impuritywell separated. However, this is still an open questionif the separation of defe
t images is su�
iently large.At the last step of simulation, the spatial distributionof Khon�Sham wave fun
tions and the 
orrespondings
alar �eld of the surfa
e ele
troni
 lo
al density ofstates LDOS(x; y; eV ) were 
al
ulated. Be
ause of thestri
tly lo
alized atomi
 orbitals used in SIESTA, thespe
ial pro
edure of wave-fun
tion extrapolation intothe va
uum has to be used (it is also implemented inthe SIESTA pa
kage).3. RESULTS3.1. Geometry and ground-state propertiesIn the STM method, the LDOS is measured abovethe surfa
e. The tails of wave fun
tions a
tually makethe image. Hen
e, in DFT 
al
ulations we are inter-ested in the quantityLDOS(x; y; eV ) �Xi j	i(x; y)j2eÆ(E �Ei)jz=
onst;where 	 are Khon�Sharm eigenfun
tions, eÆ is a �nite-width smearing fun
tion, Ei are Khon�Sham eigen-values, and summing is evaluated in a 
ertain plane

(z = 
onst) lo
ated a few angstroms above the surfa
e.Here, the broadening is an essential part of 
al
ula-tions, be
ause we know from our experien
e that tun-neling broadening in STM experiments on semi
ondu
-tors typi
ally amounts to about 100 meV. The broad-ening provides the degree of LDOS smoothing ne
es-sary to resemble experimental tunneling spe
tra. Atthe �rst stage of DFT 
al
ulations, the equilibrium ge-ometry has to be established in the re
onstru
tion of aunit 
ell of Ge(111)-(2�1). Afterwards, the unit 
ell isenlarged to the desired extent, the defe
t is introdu
ed,and the stru
ture is relaxed again. The �nal step is theLDOS(x; y; eV ) 
al
ulation. The results are sket
hedin Fig. 1.Figure 1b illustrates the ele
troni
 stru
ture of a
lean Ge(111)-(2 � 1) surfa
e. Two surfa
e state (SS)bands, empty (��) and �lled (�), 
an be seen in the pro-je
ted band gap. The widths of SS bands derived fromFig. 1b are ��� = 1:24 eV and �� = 0:44 eV. The sur-fa
e band gap �Esbg is about 0.3 eV. As should be ex-pe
ted, the LDA gives the band gap value that is mu
hsmaller than the experimental one. SS bands, as well asbulk bands, are also shown in Fig. 1b by small grey re
t-angles next to the ordinate axis. This representationis used in the majority of �gures below. The surfa
eband stru
ture is presented for the Ge(111)-(2� 1) sur-fa
e with negative bu
kling. Our 
al
ulations predi
tthat the negative surfa
e isomer is energeti
ally (by al-most 11 meV per (2� 1) unit 
ell) more favorable and,as we stated above, we restri
t the present analyses tothe negative bu
kling only. Jumping ahead, we dis-play the LDOS(eV ) 
urve in Fig. 1
. The 
al
ulatedI(V ) dependen
e on a logarithmi
 s
ale is also shown.The surfa
e LDOS(eV ) 
urve is the result of averagingover the whole 8 � 5 nm2 area in Fig. 1a. The gapright below the Fermi level is 
learly observed on theLDOS(eV ) graph. It does not 
orrespond to the bulkband gap. The 
losest resemblan
e 
an be found withthe surfa
e band gap. Re
tangles at the absissa axisin Fig. 1
 illustrate energy positions of di�erent bands.Everywhere below, the bottom of the 
ondu
tion bandis s
hemati
ally shown on the �gures for the 
ase of theGe(111)-(2 � 1) surfa
e at room temperature. In this
ase, the opti
al band gap is about 0.5 eV [20℄.To give a 
lear impression of the relation betweenthe surfa
e band stru
ture and the LDOS, the latteris also depi
ted on the left of the surfa
e band dia-gram in Fig. 1b. Besides a 
ompli
ated band diagramon the surfa
e, bands are bent near the surfa
e dueto 
harge a

umulation on SSs. This is illustrated inFig. 1d. Thus, there are two points of 
ompli
ation fortunneling into the Ge(111)-(2 � 1) surfa
e. First, the1231
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Bias, VFig. 1. (a) Sket
hes of left and right isomers of the Ge(111)-(2 � 1) surfa
e. Two bonds, appropriate for de�nition, aremarked by arrows. The irredu
ible Brilloin zones for Ge(111)-(1 � 1) and Ge(111)-(2 � 1) surfa
es together with spe
ialpoints and relevant dire
tions are shown. The model surfa
e slab with an impurity atom positioned at site 1 is 
orre
tlyoriented with respe
t to 
rystallographi
 dire
tions. (b ) Surfa
e band diagram for Ge(111)-(2 � 1) re
onstru
tion. Theempty (��) and �lled (�) surfa
e-state bands 
an be seen in the proje
ted band gap. Their energeti
 position is s
hemat-i
ally shown at the ordinate axis by grey re
tangles. To illustrate the relation between the surfa
e band stru
ture and theLDOS(eV ), the latter is shown in the left pane. The �� bottom and the � top are marked by arrows. The bulk bandenergeti
 position is shown on the right. (
) The LDOS(eV ) 
urve and the I(V ) 
urve on a logarithmi
 s
ale, averagedabove the whole 8� 5 nm2 surfa
e slab shown in Fig. 1a. (d) Surfa
e band stru
ture in energy-spa
e 
oordinates. A spa
egap between the surfa
e and bulk states is visible; Egs is the surfa
e band gap, Eg is the bulk band gapminimum and maximum of SSs are lo
ated near the�J point (Fig. 1b ), while STM experiment emphasizesthe �� point. Se
ond, there exists a spatial gap betweensurfa
e and bulk states at small bias voltage (Fig. 1
).The STM experiment on Ge(111)-(2 � 1) surfa
e in-volves many di�erent pro
esses.3.2. LDOS s
alar �eld representationIn the exposition in what follows, we fo
us mostlyon the LDOS properties, and before we go to the

main results, we have to 
larify the physi
al mean-ing of our data representation for the LDOS. Below,we speak about 
ross-se
tioning of the LDOS(x; y; eV )s
alar �eld (Fig. 2a). The x and y dire
tions 
orre-spond to [01�1℄ and [2�1�1℄ 
rystallographi
 dire
tions.The two most relevant quantities are 
ross se
tions ofthe s
alar �eld LDOS(x; y; eV ) in the x; y and x; eVplanes, LDOS(x; y) and LDOS(x; eV ). The LDOS isbuilt for di�erent impurity atom positions in two sub-surfa
e bilayers of the Ge(111)-(2� 1) re
onstru
tion.1232
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Fig. 2. (a) Sket
h LDOS(x; y; eV ) s
alar �eld. Relevant dire
tions are shown. (b ) Labels to identify the donor atomposition in two surfa
e bilayers of Ge(111)-(2 � 1) re
onstru
tion. The P atom is shown in position 1. (
) Quasi-3D and2D representations of the LDOS(x; y)jeV=0 
ross se
tion of the LDOS(x; y; eV ) s
alar �eld at zero bias. Spe
i�
 pointsand dire
tions are indi
atedThe de�nition of our notation for the donor atom posi-tion is presented in Fig. 2b. Worthy of note, the impu-rity atom does not exa
tly o

upy the same latti
e siteas the host atom it substitutes. In Fig. 2
, we showthe 
ross se
tions LDOS(x; y)jeV=0 at a �xed bias volt-age for a P donor atom lo
ated at position 1 in thesurfa
e bilayer. These images roughly 
orrespond toexperimental STM images, be
ause at small bias volt-age there are not too many sharp LDOS features 
on-tributing to the image. It 
an be seen from Fig. 2 thattwo �-bonded rows of surfa
e re
onstru
tion are in�u-en
ed by the impurity. In ea
h row, a protrusion 
an beobserved. The spatial extent of the impurity-indu
edfeature along the dire
tion of the �-bonded dimer row([01�1℄ dire
tion) is at least 40Å. We note two distin-guishable maxima on the protrusion. We return to thisfa
t later. Arrows and dots on the image, as well asa�a0 and b�b0 lines, mark spatial points and dire
tionsreferred to in the �gures below.3.2.1. Split stateWe have found a notable in
rease in the LDOS inthe vi
inity of an impurity atom at the bottom of theempty 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 surfa
esof equal value, 
olored by the applied tunneling biasvoltage. The LDOS is drawn for two �-bonded rowsdenoted as a�a0 and b�b0 in Fig. 3. The donor atom

position is depi
ted in the �gure. To prevent the 
on-fusion 
aused by a quasi-3D pi
ture, we 
larify that theimpurity is lo
ated on the left side for the �-bondedrow b�b0, and on the right side for the �-bonded rowa�a0. We note some important fa
ts about this LDOSrepresentation. First of all, high LDOS values are 
on-�ned within areas bounded by a 
onstant-value surfa
e.They are perfe
tly lo
alized above the �-bonded rows.This is the reason why only every se
ond dimer row isimaged by STM. In between the �-bonded rows, theLDOS is relatively low. Beside, all round-shaped ver-ti
al stru
tures in the �-bonded row are lo
ated abovethe up-atom. The down-atom 
an be found in betweenthem. Su
h a spatial stru
ture of the LDOS is a 
on-sequen
e of the 
olle
tive �-bond formation. STM 
anonly image the up-row dimers, and therefore, only up-rows. Basi
ally, with the used approa
h, the �-bonds
an also be dire
tly visualized [18℄. The hybridizationof atomi
 orbitals is 
learly visible from Fig. 3. It isvery strong in the 
lose proximity of a surfa
e defe
t.This 
auses the appearan
e of a spe
i�
 feature nearthe bottom of the empty SS band (marked by arrowsin Fig. 2). The limited spatial and energy extents ofthis feature as well as its position in the band gap im-ply that this is indeed a split state. We are workingwith the mi
ros
opi
 pi
ture, on the level of individualatoms. That is why we are able to see the 
onne
tionbetween atomi
 orbital hybridization and the ma
ro-s
opi
 band stru
ture. Surfa
e states appear due toatomi
 arrangement of the surfa
e. Split states appear1233
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Fig. 3. LDOS(x; y; eV ) �eld above rows a�a0 and b�b0 (see Fig. 2) shown by 
onstant-value surfa
es. Coloring 
orrespondsto the applied bias voltage. The split state in the band gap 
an be 
learly observed above both dimer rows. Note the
hanges of stru
ture at the right of the CB features and strong hybridization of atomi
 orbitals around the impurity atomdue to 
hanges in this arrangement around the defe
t.They both have the same root: hybridization of atomi
orbitals. One problem exists. It is di�
ult to de�nethe energeti
 position referen
e level: is it the Fermienergy or the SS ��-band bottom? To be a

urate, werefer to the Fermi level, i. e., the split state is lo
atedat the Fermi level, and not near the �� bottom.3.2.2. Energy pro�lesImportant for understanding our results are the
ross se
tions LDOS(x; eV )ja�a0(b�b0) at a �xed y 
o-ordinate, whi
h are shown in Fig. 4. They are takenalong (a�a0) and (b�b0) planes in Fig. 2, i. e., along�-bonded rows of Ge(111)-(2� 1) re
onstru
tion. Ar-eas near the Fermi level, where a split state resides, arezoomed in on the insets. The positions of the Fermilevel EF , the 
ondu
tion band (CB) bottom, the va-len
e band (VB) top, and the empty �� and �lled � SSbands are indi
ated in Fig. 3. A

ording to our DFT
al
ulations, the VB top almost 
oin
ides with the bot-tom of the empty SS band �� and the Fermi level (seeFig. 1 and Ref. [18℄). Even more, the �� band 
an bepartially �lled at a very high doping ratio [21℄. For aGe(111)-(2� 1) surfa
e with negative bu
kling, our 
al-
ulations also predi
t the position of the empty SS ��band bottom about tens of meV below the Fermi level.The proportions of LDOS(x; eV ) images are 
hosen onpurpose in a way that is 
onvenient for experimenters.Typi
ally, the number of points along the spatial dire
-tion is less than the number of bias voltage points, andthe tunneling spe
tra image is elongated in the verti
aldire
tion. Although the DFT band gap in the LDA isnonphysi
ally small, it is also shown in Fig. 4a for 
om-pleteness. The distribution LDOS(x; eV ) is rea
h infeatures. Its 
ross se
tion along the x 
oordinate gives

the LDOS(x) pro�le exa
tly in the same way as doesthe 
ross-se
tioning of LDOS(x; y) (see Fig. 1) alongthe x 
oordinate.The 
ross se
tions of (a�a0) and (b�b0) planes alongthe 
�
0 line are shown in Fig. 4b. We 
an see twodistin
t maxima on the pro�les. Importantly, the spa-tial extent of perturbation is obviously about 80Å. The40Å estimation from Fig. 2 su�ers from unsu�
ient
ontrast of the LDOS(x; y)jeV =0 image. The 
ross se
-tion of LDOS(x; eV ) along the eV 
oordinate (d�d0,e�e0, f�f 0, and g�g0 lines in Fig. 4a) 
orresponds topoint spe
tros
opy LDOS(eV ) dependen
es (Fig. 4
)at the LDOS(x) pro�le points marked by verti
al ar-rows in Fig. 4b. These are points shown in Fig. 2 bydots and arrows. The 
urves d�d0 and f�f 0 are takenbetween dimers in the �-bonded row, while the 
urvese�e0 and g�g0 are taken on top of dimers (see Figs. 2and 4b). Minima and maxima refer to the bias voltageequal to �0:5 V. For the whole range of bias voltage,the LDOS values 
olle
ted between dimers are higherthan the value on top of dimers, ex
ept for a narrowinterval in the vi
inity of the Fermi energy, where thesplit state resides. This split state 
ontributes to thein
rease in the LDOS on top of dimers in the �-bondedrow. Hen
e, the protrusion 
onsisting of a few dimersappear on the LDOS(x; y) (as well as on STM) image.It follows from Fig. 4
 that the 
ontrast of protrusionis higher on the (a�a0) plane than on the (b�b0) plane,and this indeed 
an be observed in Fig. 2.3.2.3. Spatial pro�lesIn Fig. 5, to illustrate the usefulness of theLDOS(x; eV )map, we show a set of 
ross se
tions alongthe spatial 
oordinate for a P donor atom lo
ated at1234
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Fig. 4. (a) 2D LDOS(x; eV ) distributions taken along a�a0 and b�b0 planes in Fig. 2. The impurity atom is at 1 site. Twore
tangles at the left side 
orrespond to opti
al and DFT 
ondu
tion band positions. (b ) Pro�les of (a�a0) and (b�b0) planesalong the 
�
0 line, whi
h are essentially the same as pro�les of images in Fig. 2 along a�a0 and b�b0 lines. (
) Pro�lesof a�a0 and b�b0 images along d�d0, e�e0, f�f 0, and g�g0 lines, whi
h are LDOS(eV ) dependen
es at the points shown inFig. 2 by bla
k dots and white arrows. Axis dire
tions and image size are indi
atedposition 1. The pro�les are slightly low-pass �lteredto stress the long-range features, and they thereforelook somewhat di�erent 
ompared to Fig. 4b. Whenthe tunneling bias 
hanges, the LDOS(x) pro�le also
hanges, revealing depressions and protrusions of di�er-ent shapes. The pro�le 
orresponding to the split-sta-te energy (and to the presen
e of a protrusion on theSTM image) is marked by a grey ellipse. We 
an easilysee that the protrusion amplitude at the Fermi levelis mu
h less than the amplitude of features at otherbias voltages (see also Fig. 4
). We also note that theimpurity LDOS image might have an elongated hil-lo
k-like shape at positive bias (empty states). This

means that the protrusion on the LDOS image is not
aused by 
harge density e�e
ts (like 
harge s
reen-ing). To the best of our knowledge, this fa
t was never
learly stated. In other words, the STM image of theGe(111)-(2� 1) surfa
e [8℄ (as well as the Si(111)-(2�1)surfa
e [4�6℄) around a surfa
e defe
t is dominated bythe split state in the vi
inity of the Fermi level, al-though the amplitude of the e�e
t is relatively small.3.2.4. Quasi-3D representationTo give even more insight into the power of theLDOS(x; eV ) data representation, it is drawn as a qua-1235
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8 nmFig. 5. LDOS(x; eV ) map along the b�b0 dimer row in the vi
inity of the P atom, lo
ated at position 1 on the Ge(111)-(2�1)surfa
e and its 
ross se
tions along the indi
ated linessi-3D surfa
e in Fig. 6. Height is given on a logarith-mi
 s
ale to in
rease the image height 
ontrast. TheLDOS value is en
oded both by height and by 
olor.The spatial and energeti
 positions of spe
i�
 featuresof the tunneling spe
trum 
an be easily dedu
ed fromthe �gure. The split state (zoomed in on the inset) islo
ated at the Fermi level. It has a 
igar-like spatialshape, whi
h is dire
tly re�e
ted in the shape of theprotrusion on the LDOS(x; y) image. It is also obvi-ous from Fig. 6 that the split state a
tually �lls thewhole width of the LDOS(x; eV ) spe
trum. Hen
e, we
annot 
ompletely ex
lude the possibility of an overlapof impurity-indu
ed ele
troni
 features between neigh-boring super
ells of 
al
ulation. This overlap 
an in-trodu
e some di�
ulty in estimating errors in quantumme
hani
al evaluation of for
es. This is the main reason

why we have in
reased the size of the geometry relax-ation surfa
e 
ell to the upper available to its limit. Wenow �nish the overview of data representation. Takingthe foregoing into a

ount, we 
an 
on
lude that, givenLDOS(x; eV ), it is readily possible to estimate the out-look of point spe
tros
opy 
urves as well as the shape ofspatial pro�les. That is why the results of 
al
ulationsof ele
troni
 properties for all 8 possible positions of theP impurity atom in two surfa
e bilayers (see Fig. 2) arepresented below in Fig. 8 as LDOS(x; eV ) maps.3.3. Lo
al tunneling spe
tros
opyAnother problem we would like to dis
uss is the lo-
al spe
tros
opy LDOS(eV ) 
urves. This arti
le is writ-ten with experimental needs in mind, and we therefore1236
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ture. The Fermi level is shown as a semitransparent plane.The LDOS values are given on a logarithmi
 s
ale to in
rease the height 
ontrast. The LDOS values are en
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0Fig. 7. Theoreti
al tunneling spe
tra obtained (a) by averaging over A and B areas and (b ) by point measurement at a, b,
, and d points. The dashed line on the left plane is the experimental tunneling spe
trum. Insets depi
t the zoomed in partof LDOS(eV ) 
urves around the Fermi energy. The middle part sket
hes the surfa
e area above whi
h the spe
tros
opy wasperformed. Areas A and B are respe
tively lo
ated above the a�a0 and b�b0 �-bonded dimer rows (see Fig. 2). Points band d are lo
ated on the top of dimers in a row, while points a and 
 lie between the dimers. The band stru
ture is shownon the abs
issa axisanalyze spe
tros
opy 
urves as if they were obtained bySTM. There are two approa
hes to measure the tunne-ling spe
tra. One is the simple I(V ) 
urve measure-ment at a 
ertain surfa
e point. It heavily relies on avery high stability of the me
hani
al system. Basi
ally,this is the 
ase in re
ent years. Another approa
h isbased on averaging the I(V ) 
urves above some surfa
earea. It is less sensitive to di�erent noise. The problem
is that the two approa
hes 
an give results that aredi�erent at �rst glan
e. In Fig. 7, we present modeltunneling spe
tra for di�erent measurement 
onditionsfor a P atom lo
ated at site 1. In Fig. 7a, there arespe
tra averaged over A and B areas above �-bondedrows. In Fig. 7b, spe
tros
opy 
urves at points a, b, 
,and d are depi
ted. Points b and d are lo
ated on thetop of dimers in a row. Points a and 
 are between the1237
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k ÆÝÒÔ, òîì 147, âûï. 6, 2015dimers. Curves A and B are almost indistinguishable,although the heights of protrusions along a�a0 and b�b0lines (see also Fig. 2) on the LDOS(x; y) image stronglydi�er. The split state is lo
ated 
lose to the Fermi level,and this part of the spe
trum is zoomed in on the in-set. The di�eren
e in the averaged spe
tra is on a fewper
ent s
ale, whi
h apparently is not enough to drawany reliable 
on
lusions. We note a nonzero tunneling
ondu
tivity at the Fermi energy. The dashed line inFig. 7a 
orresponds to experimental tunneling spe
tro-s
opy data.We 
an see a reasonably good agreement betweentheory and experiment. The data was obtained by ave-raging over a relatively small surfa
e area, and hen
eit looks more similar to point spe
tros
opy.As to point spe
tros
opy, we 
an easily dis
rimi-nate atomi
-size features. Dimers at similar positionsin di�erent dimer rows give di�erent tunneling spe
tra(Fig. 7b ). Even the relatively small di�eren
e above theelevated features along dimer rows is obvious. Look-ing at the spe
tra obtained by di�erent methods, we
an 
on
lude that point spe
tros
opy does not give im-mediate impression of the band stru
ture, while spe
-tros
opy with averaging does. Averaging two pointspe
tros
opy 
urves, one on top of the dimer and theother in between dimers, gives a 
urve similar to theaveraged spe
tros
opy 
urve. We also note the verti-
al s
ales on both panels. The averaging signi�
antlyde
reases the maximum value. There are no obviousspe
i�
 points on the numeri
al tunneling 
ondu
tivityI(V ) dependen
e (nor on its derivative) allowing sim-ple determination of band gap edges (see Fig. 1). Inother words, having perfe
tly de�ned I(V ) and kno-wing the LDOS, we 
annot determine the band gap,although this 
an be 
aused by the very narrow DFTband gap. Another 
on
lusion that 
an drawn from lo-
al spe
tros
opy analysis is that it is almost impossibleto identify an individual impurity on the Ge(111)-(2�1)surfa
e relying only on the results of lo
al spe
tros
opy.As we dis
ussed earlier, the LDOS maps should be usedtogether with lo
al spe
tros
opy data [18; 22℄.3.4. DFT surfa
e LDOS around a P donorimpurityWe note the most important features of the 
al
u-lated images. As we have dis
ussed earlier, the emptySS band �� is governing the STM image formation forthe Ge(111)-(2� 1) surfa
e [18; 23℄ in the band gap re-gion. Now the same 
on
erns the split state. The STMimage is dominated by the split state in the vi
inityof the Fermi energy. The noti
eable in�uen
e of sur-
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8 nmFig. 8. (1�8) LDOS(x; eV ) maps along the b�b0 dimerrow in the vi
inity of a P atom lo
ated at di�erent po-sitions in subsurfa
e layers of the Ge(111)-(2� 1) sur-fa
e. Numbers indi
ate the atom position (see Fig. 2).The energy di�eren
e �E in ele
tronvolts relative toposition 7 as well as the split-state position are indi-
ated. The area of the split state is zoomed in onevery panel. (10, 60, 80) LDOS(x; eV ) maps along thea�a0 dimer row in the 
ase where two �-bonded rowsare disturbed by an impurity atom; (400) LDOS(x; eV )map for two donor atoms lo
ated at positions 4 and 6.Note the split state lo
ated below the Fermi levelfa
e states inside the CB and VB 
an be inferred fromFig. 8. There are LDOS pe
uliarities near the top ofthe empty SS band �� and at the edges of the �lled SSband �. They are imaged as horizontal bright stripes.For all P doping atom positions ex
ept position 3, thesplit state is lo
ated at the Fermi level. When the Pimpurity is pla
ed at position 3, the split state 
an be1238
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tros
opy of a phosphorus impurity atom : : :observed below the Fermi energy (Fig. 8(3)). Position 2is somewhat spe
i�
. In this 
ase, the impurity atom isdire
tly breaking the �-bonded 
hain, and this stronglyin�uen
es LDOS(x; eV ) (Fig. 8(2)): at almost all pos-sible bias voltage values, the impurity LDOS image hastwo well-pronoun
ed peaks.As with other semi
ondu
tors, an individual impu-rity is visible in STM experiment when it is lo
atedbelow the Ge(111)-(2� 1) surfa
e (Fig. 8(5�8)).To the best of our knowledge, we report this forthe �rst time (albeit it should be rather obvious fromsimple spe
ulations). The 
rystal latti
e is disturbednoti
eably far from an atomi
-size defe
t [19℄, and thisdisturbs the perfe
tness of 
olle
tive �-bonding in a fewdimer rows. There is also another possibility. The Pimpurity is a shallow impurity in Ge, its ionization en-ergy is 13 meV. Therefore, its lo
alization radius shouldbe large, in a 50Å range. The LDOS observed bySTM for the Ge(111)-(2�1) surfa
e, in parti
ular, musthave two 
ontributions: one quasi-1D, 
oming from sur-fa
e re
onstru
tion, and the other 
oming from ionizeddonors with large lo
alization radii. These two 
ontri-butions are superimposed on ea
h other. The resultingSTM image would be a linear stru
ture 
aused by (2�1)re
onstru
tion, with wide spots originating from impu-rities. These spots are poorly visible be
ause of perfe
ts
reening by �-bonded ele
trons, but some in�uen
eshould exist. The 
al
ulations for an impurity deep be-low the surfa
e are to be done in the future and there isa need to reanalyze experimental data thinking in thisdire
tion.We also mention that the above spe
ulations mustbe taken with great 
are, be
ause 
ommon sense mightoften be misleading in surfa
e physi
s. The overall be-havior of impurity LDOS images strongly di�ers, de-pending on the position of the donor atom in the 
rys-tal 
ell. This is observed even for subsurfa
e defe
ts.The same P donor impurity may looks as a protrusion,a depression, a protrusion superimposed on a depres-sion, et
. It depends both on the spatial lo
ation of theimpurity and on the applied bias voltage. The atomi
orbitals in the vi
inity of surfa
e defe
ts are stronglyhybridized. This results in a bending of up/downwardband edges. The insets in Fig. 8, with split state ar-eas zoomed in with high 
ontrast, illustrate this. Basi-
ally, the orbital hybridization leads to a spe
i�
 spa-tial shape of the tunneling spe
tra LDOS(x; eV ) and,in other words, to the appearan
e of lo
al ele
troni
density spatial os
illations [18; 19℄. We note that theseare not 
harge density os
illations, be
ause they areobserved in the empty-state energy range (above theFermi level).

Spatial LDOS os
illations on the Ge(111)-(2 � 1)surfa
e were the subje
t of Ref. [24℄. The energy di�er-en
es measured with respe
t to the total energy of thesystem of 2646 atoms with a P donor atom at position7 are shown on every pane in Fig. 8. The di�eren
eis not very large. At least, we suppose, it does not al-low making any 
on
lusions about the most favorableposition of the donor atom. The di�eren
e is large fordonor positions 8. We do not have any explanation forthe huge energy gain for impurity position 8. At thesame time, this energy di�eren
e applies to a huge sur-fa
e slab. Due to slightly di�erent atom relaxation, afew ele
tronvolts 
an easily be a
quired by the wholesuper
ell. Also, the thi
kness of the model slab mightnot be su�
ient.The last row in Fig. 8 is to be des
ribed in whatfollows. The LDOS (and STM) image of an indi-vidual impurity is dominated by the split state atzero (see Fig. 2) and the low bias (see above) vol-tage as illustrated by Fig. 9, where zero bias mapsof LDOS(x; y)jeV =0 for di�erent donor atom positionsare presented together with the 
orresponding quasi-3Dimages. The pro�les along the b�b0 dire
tion (the samefor Fig. 2 and Fig. 9) are shown on the maps with equals
ales.Three things 
an be immediately noti
ed fromFig. 9. First, one or two �-bonded rows are a�e
ted bythe donor impurity. Se
ond, one or two lo
al maximaare present on the pro�le. Third, the distan
e betweenmaxima 
an be one or two dimers along the �-bondedrow (the [01�1℄ dire
tion). This is shown in Fig. 9 bythin lines and arrows and is summarized in Table 1.Thus, the P donor impurity at position 1 is imagedas a two-row feature with two maxima in a row andthe double dimer distan
e between the maxima. To beabsolutely a

urate, not two, but a few rows are af-fe
ted by the impurity. The situation is the same aswith the spatial extent of the LDOS image protrusion.One should either in
rease the 
ontrast of images (seeFig. 9
) or use pro�les in analysis (Fig. 9b ). Redu
ingto two disturbed rows allows 
lassifying LDOS imagesof the impurity lo
ated at di�erent positions.Now we 
an return to the lowest row in Fig. 8. Im-ages 10, 60, and 80 
orrespond to 
ross se
tions of theLDOS(x; y; eV ) s
alar �eld along the (a�a0) plane (seeFig. 2), i. e., along the se
ond (along with b�b0) dis-turbed �-bonded row. As 
an be seen from Fig. 8,the split state is also present on these images (see alsoFig. 3). Images 60 and 80 are similar, with the main dif-feren
e being the image 
ontrast. The LDOS image forthe P donor pla
ed at position 7 is not shown be
ausethe LDOS maps along a�a0 and b�b0 dimer rows are al-1239
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Fig. 9. (a) LDOS(x; y) maps in vi
inity of a P atomlo
ated at di�erent positions in subsurfa
e layers of theGe(111)-(2 � 1) surfa
e. Numbers denote atom posi-tions. Maps are given for a zero bias voltage. Pro�lesalong the b�b0 line are sket
hed on maps. White linesand arrows mark the positions of maxima in the dimerrow nearest to the impurity atom. Crystallographi
 di-re
tions and image size are indi
ated. The lines a�a0and b�b0 are the same as in Fig. 2. (b ) The pro�les ofLDOS(x; y) maps along the b�b0 line on the same s
ale.Note the shift of the pro�le for position 2. (
) High-
ontrast LDOS(x; y) map for the impurity at position1, illustrating the disturban
e of the surfa
e ele
troni
stru
ture in a few �-bonded dimer rowsmost identi
al. At the same time, in other 
ases, thedi�eren
e between the a�a0 and b�b0 maps is rather big.The only ex
eptional 
ase among LDOS(x; eV ) images1�8 is the 
ase of the impurity at position 3, when thesplit state goes below the Fermi level.To 
he
k whether this situation 
an be reprodu
edwith a slightly di�erent atomi
 environment, we haveperformed 
al
ulations for two impurities lo
ated at dif-

Table 1. P donor impurity LDOS image proper-tiesAtom position 1 2 3 4 5 6 7 8Two rows + � � � � + + +Two maxima + + + + + � + +Number of dimers 2 2 1 1 1 � 2 1ferent positions in the atomi
 latti
e. The �rst impuritywas �xed at position 6, while the se
ond was sequen-tially pla
ed at positions from 1 to 4. The results fora P4�P6 pair are depi
ted in Fig. 8(40). We 
an seethat the split state for the impurity at position 4 wasshifted below the Fermi level by adding the se
ond im-purity to position 6. Thus we proved that the splitstate lo
ation below the Fermi energy 
an be observedat di�erent 
onditions. The 
omprehensive analysis ofdonor pairs is beyond the s
ope of this paper.3.5. Spatial os
illations of LDOSWe have a data array with a high signal-to-noise ratio. Therefore, we 
an easily use some
alibration s
heme. Figure 10 depi
ts the ratioLDOS(x; eV )=hLDOS(eV )ix. The role of the split statebe
omes absolutely obvious. But we 
an also see hy-perboli
 bran
hes. It is well known that su
h bran
heslead to the appearan
e of a quasilinear shape of the1D Fourier spe
trum. We 
an 
on�rm this by detailedanalysis of a single LDOS(x; eV ) spe
trum. This spe
-trum is a spe
ial 
ase in the sense that it was 
al
ulatedfor a 35�7 surfa
e slab to improve the quality of spe
-tra. The 2D fast Fourier transform (FFT) spe
trum is
al
ulated by performing the 1D FFT on ea
h row ofthe original image and then putting them next to ea
hother. We 
an see the sin
 envelope 
oming from a lim-ited 
hara
ter of the 1D spe
tra and a bun
h of quasi-1D disperging bran
hes. These bran
hes are lo
atedat higher harmoni
s of the main frequen
y. To showanother method of obtaining hyperboli
 bran
hes, we
an take the smoothed se
ond spatial derivative Æ(x),Æ(eV ). The result is shown on panel 3 in Fig. 11. Thisimage has a 
lose resemblan
e to the image in Fig. 10.3.6. Model limitationsWe spe
ify the strong assumptions used in thepresent 
al
ulations. Some of them are imposed by thevery big simulation super
ell. In parti
ular, we have1240
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−2Fig. 10. Normalized LDOS(x; eV )=hLDOS(eV )ixmaps along the b�b0 dimer row in the vi
inity of theP atom lo
ated at di�erent positions in subsurfa
e lay-ers of the Ge(111)-(2 � 1) surfa
e. Numbers denotethe atom position (see Fig. 2)performed the simulation in the LDA approximation.It is known to give nonphysi
ally small values of bandgaps. This 
an be slightly improved by the generalgradient approximation (GGA), but real improvements
an be a
hieved only with 
omputationally expensiveGW many-body 
orre
tions [14℄. At the same time,the 
heap s
issors method works quite well [3℄. Thereis no STM tip density of states in our results. Thereis no 
orre
tion for a 
losed STM feedba
k loop. TheLDOS values are 
al
ulated on the plane above the sur-fa
e. In our model, we 
annot a

ount for the surfa
eband bending. We simply do not have a su�
ientlythi
k model slab. Our slab is about 15Å thi
k, and thedepletion layer on the Ge(111)-(2� 1) surfa
e with then type of bulk 
ondu
tivity is almost 250Å thi
k. Thedepletion layer strongly a�e
ts the pi
ture of tunnelingfor n-type-doped Ge samples [8℄. The same 
on
ernsthe Si(111)-(2 � 1) surfa
e. That is why our modelSTM images do not 
oin
ide exa
tly with experimen-tal observations, but nevertheless the 
orresponden
eis reasonable. All LDOS(x; eV ) maps (ex
ept at po-sition 3) predi
t the presen
e of a protrusion on theSTM images at a zero (and small) bias voltage, whi
h

a

b

c Fig. 11. (a) High-resolution LDOS(x; eV ) image of aP impurity at position 3. (b ) 2D FFT built from the1D FFT of every row. (
) Smoothed se
ond spatialderivative of LDOS(x; eV )indeed agrees with experiment. We did not �nd anysubstantial di�eren
e when expli
itly adding 
harge tothe impurity atom.3.7. Low-temperature STM surfa
e LDOSaround the P donor impurityHaving the above 
lassi�
ation, we 
an apply it tothe test 
ase. Si(111)-(2� 1) and Ge(111)-(2� 1) sur-fa
es are similar in many senses. It is possible to per-form a simple 
he
k of our results by 
omparing withthe Si(111)-(2 � 1) surfa
e [4℄. In general, the situa-tion with STM imaging of individual impurities is mu
hsimpler on the Si(111)-(2� 1) surfa
e. The empty SSband �� and the VB are separated by a gap of about0.4 eV [15℄. Near the Fermi level, there are no statesavailable for tunneling, but only empty surfa
e states.That is why the STM impurity images on Si(111)-(2�1)are mu
h easier to 
lassify. In a

ordan
e with Fig. 9and Table 1, the 
on
lusions of the authors 
an be im-11 ÆÝÒÔ, âûï. 6 1241
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k ÆÝÒÔ, òîì 147, âûï. 6, 2015Table 2. P donor impurity LDOS image proper-tiesAtom position 1 2 3 4 5 6 7 8Two rows + � � � � + + +Two maxima + + + + + � + +Number of dimers 2 2 1 1 1 � 2 1Atom 
 a g d e f b hmediately 
on�rmed. In our notation, Fig. 2a in [4℄
orresponds to P in position 2, Fig. 2b in [4℄, to P inposition 4, and Fig. 2
 in [4℄, to P in position 1. The re-maining un
lear feature (Fig. 2d in [4℄) most probablyis the STM image of a va
an
y at position 6.We have also performed our own low-temperatureSTM investigation of a 
lean Ge(111) surfa
e. Thesamples under investigation were 
ut from a heavilydoped (resistivity 1 
�
m) Ge single 
rystal with n-ty-pe bulk 
ondu
tivity. The doping element was phos-phorus, whi
h is a shallow impurity with the ionizationenergy 13 meV, and the doping ratio was rather high,about 8 �1018 
m3. The samples were 1:5�1:5�5mm3slabs with the long axis aligned in the [111℄ dire
-tion. Samples were 
leaved in situ in ultrahigh va-
uum 
onditions and then immediately transfered toa low-temperature 
hamber with the base pressure5 � 10�12 Torr. The experiments have been done us-ing the 
ommer
ially available low-temperature UHVOmi
ron system. The system was equipped with a 
us-tom built sample 
leavage me
hanism. We have usedtungsten tips sharpened with �eld emission.Typi
al low-temperature STM images of theGe(111)-(2 � 1) surfa
e are presented in Fig. 12.The image in Fig. 12a depi
ts the domain boundarytogether with the impurity atom. With our simpli�ed
lassi�
ation, we 
an state that it is a P atom atposition 2: one row, two maxima, two dimer distan
ebetween maxima. Besides, it demonstrates ex
ellentquality of images that are not �ltered in any way.Using the same 
lassi�
ation s
heme, we arrive atTable 2, whi
h is our main result. Our relatively simplemodel �ts real world. Feature i does not 
orrespond toan impurity lo
ated in the �rst two bilayers. We havealso performed 
omputer simulation for a va
an
ylo
ated near the surfa
e. The best 
orresponden
ebetween the STM image feature i is for a single atomva
an
y lo
ated at site 6. Spatial os
illations aroundthe impurity atom were observed experimentally [24℄.
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Fig. 12. (a) High-resolution STM image of a P impu-rity at position 2. (b and 
) Two representations ofthe same surfa
e area. Di�erent features are markedby letters4. CONCLUSIONIn 
on
lusion, we have performed a numeri
almodeling of the Ge(111)-(2 � 1) surfa
e ele
troni
properties in the vi
inity of a P donor impurity atomlo
ated near the surfa
e. We have found a notablein
rease in the surfa
e LDOS around the surfa
edopant near the bottom of the empty surfa
e-stateband ��, whi
h we 
alled the split state due to itslimited spatial extent and energeti
 position insidethe band gap. This state governs the STM image ofan impurity in the vi
inity of the Fermi energy onthe Ge(111)-(2 � 1) surfa
e. We show that despitethe well-established bulk donor impurity energy levelposition at the very bottom of the 
ondu
tion band, asurfa
e donor impurity on the Ge(111)-(2� 1) surfa
emight produ
e an energy level below the Fermi energy,depending on the impurity atom lo
al environment.It was demonstrated that the impurity lo
ated insubsurfa
e atomi
 layers is visible in STM experimenton the Ge(111)-(2�1) surfa
e. The quasi-1D 
hara
terof the impurity image observed in STM experimentsis 
on�rmed by our 
omputer simulations with a note1242
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opy of a phosphorus impurity atom : : :that a few �-bonded dimer rows may be a�e
ted by thepresen
e of the impurity atom. We have elaborated amodel that allows 
lassifying atoms on an experimentallow-temperature STM image. We showed the presen
eof spatial os
illations of the LDOS by DFT methods.This work was supported by the RFBR (grant� 13-02-01224a) and 
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