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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 Haesendonk aLomonosov Mosow State University119991, Mosow, RussiabSternberg Astronomial Institute, Lomonosov Mosow State University119991, Mosow, RussiaLaboratorium voor Sto�ysia en MagnetismeB3001, Heverlee, BelgiumReeived Otober 7, 2014We numerially model the Ge(111)-(2 � 1) surfae eletroni properties in the viinity of a P donor impurityatom loated near the surfae. We �nd a notable inrease in the surfae loal density of states (LDOS) aroundthe surfae dopant near the bottom of the empty surfae state band ��, whih 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 ondution band, a surfae donor impurity onthe Ge(111)-(2� 1) surfae might produe an energy level below the Fermi energy, depending on the impurityatom loal environment. It is demonstrated that the impurity loated in subsurfae atomi layers is visible in asanning tunneling mirosope (STM) experiment on the Ge(111)-(2 � 1) surfae. The quasi-1D harater 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�eted by the presene of the impurity atom. We elaborate a model thatallows lassifying atoms on the experimental low-temperature STM image. We show the presene of spatialosillations of the LDOS by the density-funtional theory method.DOI: 10.7868/S00444510150601781. INTRODUCTIONAt present, it is a ommon plae that theGe(111)-(2� 1) surfae onsists of �-bonded zigzaghains. This was on�rmed many times by di�er-ent means (see [1�3℄ and the referenes therein).Surprisingly, just a few publiations are devoted toinvestigations of impurity atoms on the (111) surfaeof elemental semiondutors [4�11℄. And as one ansee, the interest in the Si(111)-(2 � 1) surfae isrenewed. But not the interest in the Ge(111)-(2 � 1)surfae. This is unexplainable, beause Ge is themain andidate for tehnology to overome salinglimits of Si-based MOSFETs [12℄. The knowledge ofloal properties of Ge, espeially of those aused byimpurity atoms, is of vital importane. Besides, thesurfae and interfae properties of Ge(111) have greatsigni�ane for Ge spintronis appliations. It is known*E-mail: oreshkin�spmlab.phys.msu.su, oreshkin�spmlab.su

that Ge has some advantages ompared with Si [13℄.The sanning tunneling mirosopy (STM) method isurrently the only physial method ahieving atomiresolution in real spae. But experimenters often su�erfrom the lak of some referene points provided bythe theory. For example, reliable STM image inter-pretation still remains a hallenging task. There is nogeneral approah taking all kinds of physial proessesresponsible for the STM image formation into aount.Below, we report on a surfae eletroni strutureinvestigation performed by ab initio omputer sim-ulations in the density funtional framework, whihis a �rst-order estimation for STM/STS (sanningtunneling spetrosopy) images and an serve as abasis for further model improvements. We restritthe present investigation to the ase of left (negative)only surfae bukling (Fig. 1a) beause this matteris still ontroversial and is the subjet of intensiveinvestigations [14�16℄. Our researh is in some sensesimilar to the one reported in [4℄ for the Si(111)-(2�1)1230



ÆÝÒÔ, òîì 147, âûï. 6, 2015 Tunneling spetrosopy of a phosphorus impurity atom : : :surfae. But in reonstruting two surfae bi-layersof Ge(111)-(2 � 1) we take all possible impuritypositions into aount, and besides, our analysis is notaimed at a pure STM image simulation, but rather atomprehensive analysis of the loal density of states.2. METHODSWe have performed our density-funtional theory(DFT) alulations in the loal-density approximation(LDA) as implemented in the SIESTA pakage [17℄.The use of stritly loalized numerial atomi or-bitals is neessary in order to �nish the modeling ofa large surfae ell in reasonable time. The surfaeGe(111)-(2� 1) superell onsists of 7� 21 ells of el-ementary 2 � 1 reonstrution, eah 8 Ge atomi lay-ers thik (the total of 2646 atoms). The vauum gapis hosen rather big, about 20Å. The Ge danglingbonds at the slab bottom surfae are terminated withH atoms to prevent surfae state formation. The ge-ometry of the struture was fully relaxed until atomifores have beame less than 0.003 eV/Å. More de-tails about the alulations an be found elsewhere [18℄.As we have reported earlier, the atomi struture ofthe Ge(111)-(2� 1) surfae is strongly disturbed in theviinity of surfae defets [18; 19℄. A few �-bonded rowsaround the defet are a�eted. That is why the geome-try relaxation has been performed with a large superellto keep the internally periodi DFT images of impuritywell separated. However, this is still an open questionif the separation of defet images is su�iently large.At the last step of simulation, the spatial distributionof Khon�Sham wave funtions and the orrespondingsalar �eld of the surfae eletroni loal density ofstates LDOS(x; y; eV ) were alulated. Beause of thestritly loalized atomi orbitals used in SIESTA, thespeial proedure of wave-funtion extrapolation intothe vauum has to be used (it is also implemented inthe SIESTA pakage).3. RESULTS3.1. Geometry and ground-state propertiesIn the STM method, the LDOS is measured abovethe surfae. The tails of wave funtions atually makethe image. Hene, in DFT alulations we are inter-ested in the quantityLDOS(x; y; eV ) �Xi j	i(x; y)j2eÆ(E �Ei)jz=onst;where 	 are Khon�Sharm eigenfuntions, eÆ is a �nite-width smearing funtion, Ei are Khon�Sham eigen-values, and summing is evaluated in a ertain plane

(z = onst) loated a few angstroms above the surfae.Here, the broadening is an essential part of alula-tions, beause we know from our experiene that tun-neling broadening in STM experiments on semiondu-tors typially amounts to about 100 meV. The broad-ening provides the degree of LDOS smoothing nees-sary to resemble experimental tunneling spetra. Atthe �rst stage of DFT alulations, the equilibrium ge-ometry has to be established in the reonstrution of aunit ell of Ge(111)-(2�1). Afterwards, the unit ell isenlarged to the desired extent, the defet is introdued,and the struture is relaxed again. The �nal step is theLDOS(x; y; eV ) alulation. The results are skethedin Fig. 1.Figure 1b illustrates the eletroni struture of alean Ge(111)-(2 � 1) surfae. Two surfae state (SS)bands, empty (��) and �lled (�), an be seen in the pro-jeted band gap. The widths of SS bands derived fromFig. 1b are ��� = 1:24 eV and �� = 0:44 eV. The sur-fae band gap �Esbg is about 0.3 eV. As should be ex-peted, the LDA gives the band gap value that is muhsmaller than the experimental one. SS bands, as well asbulk bands, are also shown in Fig. 1b by small grey ret-angles next to the ordinate axis. This representationis used in the majority of �gures below. The surfaeband struture is presented for the Ge(111)-(2� 1) sur-fae with negative bukling. Our alulations preditthat the negative surfae isomer is energetially (by al-most 11 meV per (2� 1) unit ell) more favorable and,as we stated above, we restrit the present analyses tothe negative bukling only. Jumping ahead, we dis-play the LDOS(eV ) urve in Fig. 1. The alulatedI(V ) dependene on a logarithmi sale is also shown.The surfae 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 resemblane an be found withthe surfae band gap. Retangles at the absissa axisin Fig. 1 illustrate energy positions of di�erent bands.Everywhere below, the bottom of the ondution bandis shematially shown on the �gures for the ase of theGe(111)-(2 � 1) surfae at room temperature. In thisase, the optial band gap is about 0.5 eV [20℄.To give a lear impression of the relation betweenthe surfae band struture and the LDOS, the latteris also depited on the left of the surfae band dia-gram in Fig. 1b. Besides a ompliated band diagramon the surfae, bands are bent near the surfae dueto harge aumulation on SSs. This is illustrated inFig. 1d. Thus, there are two points of ompliation fortunneling into the Ge(111)-(2 � 1) surfae. First, the1231
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main results, we have to larify the physial mean-ing of our data representation for the LDOS. Below,we speak about ross-setioning of the LDOS(x; y; eV )salar �eld (Fig. 2a). The x and y diretions orre-spond to [01�1℄ and [2�1�1℄ rystallographi diretions.The two most relevant quantities are ross setions ofthe salar �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-surfae bilayers of the Ge(111)-(2� 1) reonstrution.1232
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position is depited in the �gure. To prevent the on-fusion aused by a quasi-3D piture, we larify that theimpurity is loated on the left side for the �-bondedrow b�b0, and on the right side for the �-bonded rowa�a0. We note some important fats about this LDOSrepresentation. First of all, high LDOS values are on-�ned within areas bounded by a onstant-value surfae.They are perfetly loalized above the �-bonded rows.This is the reason why only every seond dimer row isimaged by STM. In between the �-bonded rows, theLDOS is relatively low. Beside, all round-shaped ver-tial strutures in the �-bonded row are loated abovethe up-atom. The down-atom an be found in betweenthem. Suh a spatial struture of the LDOS is a on-sequene of the olletive �-bond formation. STM anonly image the up-row dimers, and therefore, only up-rows. Basially, with the used approah, the �-bondsan also be diretly visualized [18℄. The hybridizationof atomi orbitals is learly visible from Fig. 3. It isvery strong in the lose proximity of a surfae defet.This auses the appearane of a spei� 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 mirosopi piture, on the level of individualatoms. That is why we are able to see the onnetionbetween atomi orbital hybridization and the maro-sopi band struture. Surfae states appear due toatomi arrangement of the surfae. Split states appear1233
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the LDOS(x) pro�le exatly in the same way as doesthe ross-setioning of LDOS(x; y) (see Fig. 1) alongthe x oordinate.The ross setions of (a�a0) and (b�b0) planes alongthe �0 line are shown in Fig. 4b. We an see twodistint 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�ientontrast 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 spetrosopy LDOS(eV ) dependenes (Fig. 4)at the LDOS(x) pro�le points marked by vertial 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 olleted between dimers are higherthan the value on top of dimers, exept for a narrowinterval in the viinity of the Fermi energy, where thesplit state resides. This split state ontributes to theinrease in the LDOS on top of dimers in the �-bondedrow. Hene, 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 setions alongthe spatial oordinate for a P donor atom loated at1234
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means that the protrusion on the LDOS image is notaused by harge density e�ets (like harge sreen-ing). To the best of our knowledge, this fat was neverlearly stated. In other words, the STM image of theGe(111)-(2� 1) surfae [8℄ (as well as the Si(111)-(2�1)surfae [4�6℄) around a surfae defet is dominated bythe split state in the viinity of the Fermi level, al-though the amplitude of the e�et 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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is that the two approahes an give results that aredi�erent at �rst glane. In Fig. 7, we present modeltunneling spetra for di�erent measurement onditionsfor a P atom loated at site 1. In Fig. 7a, there arespetra averaged over A and B areas above �-bondedrows. In Fig. 7b, spetrosopy urves at points a, b, ,and d are depited. Points b and d are loated on thetop of dimers in a row. Points a and  are between the1237



S. V. Savinov , A. I. Oreshkin, S. I. Oreshkin, C. van Haesendonk 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 loated lose to the Fermi level,and this part of the spetrum is zoomed in on the in-set. The di�erene in the averaged spetra is on a fewperent sale, whih apparently is not enough to drawany reliable onlusions. We note a nonzero tunnelingondutivity at the Fermi energy. The dashed line inFig. 7a orresponds to experimental tunneling spetro-sopy data.We an see a reasonably good agreement betweentheory and experiment. The data was obtained by ave-raging over a relatively small surfae area, and heneit looks more similar to point spetrosopy.As to point spetrosopy, we an easily disrimi-nate atomi-size features. Dimers at similar positionsin di�erent dimer rows give di�erent tunneling spetra(Fig. 7b ). Even the relatively small di�erene above theelevated features along dimer rows is obvious. Look-ing at the spetra obtained by di�erent methods, wean onlude that point spetrosopy does not give im-mediate impression of the band struture, while spe-trosopy with averaging does. Averaging two pointspetrosopy urves, one on top of the dimer and theother in between dimers, gives a urve similar to theaveraged spetrosopy urve. We also note the verti-al sales on both panels. The averaging signi�antlydereases the maximum value. There are no obviousspei� points on the numerial tunneling ondutivityI(V ) dependene (nor on its derivative) allowing sim-ple determination of band gap edges (see Fig. 1). Inother words, having perfetly 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 onlusion that an drawn from lo-al spetrosopy analysis is that it is almost impossibleto identify an individual impurity on the Ge(111)-(2�1)surfae relying only on the results of loal spetrosopy.As we disussed earlier, the LDOS maps should be usedtogether with loal spetrosopy data [18; 22℄.3.4. DFT surfae LDOS around a P donorimpurityWe note the most important features of the alu-lated images. As we have disussed earlier, the emptySS band �� is governing the STM image formation forthe Ge(111)-(2� 1) surfae [18; 23℄ in the band gap re-gion. Now the same onerns the split state. The STMimage is dominated by the split state in the viinityof the Fermi energy. The notieable in�uene of sur-
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ÆÝÒÔ, òîì 147, âûï. 6, 2015 Tunneling spetrosopy of a phosphorus impurity atom : : :observed below the Fermi energy (Fig. 8(3)). Position 2is somewhat spei�. In this ase, the impurity atom isdiretly breaking the �-bonded hain, and this stronglyin�uenes LDOS(x; eV ) (Fig. 8(2)): at almost all pos-sible bias voltage values, the impurity LDOS image hastwo well-pronouned peaks.As with other semiondutors, an individual impu-rity is visible in STM experiment when it is loatedbelow the Ge(111)-(2� 1) surfae (Fig. 8(5�8)).To the best of our knowledge, we report this forthe �rst time (albeit it should be rather obvious fromsimple speulations). The rystal lattie is disturbednotieably far from an atomi-size defet [19℄, and thisdisturbs the perfetness of olletive �-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 loalization radius shouldbe large, in a 50Å range. The LDOS observed bySTM for the Ge(111)-(2�1) surfae, in partiular, musthave two ontributions: one quasi-1D, oming from sur-fae reonstrution, and the other oming from ionizeddonors with large loalization radii. These two ontri-butions are superimposed on eah other. The resultingSTM image would be a linear struture aused by (2�1)reonstrution, with wide spots originating from impu-rities. These spots are poorly visible beause of perfetsreening by �-bonded eletrons, but some in�ueneshould exist. The alulations for an impurity deep be-low the surfae are to be done in the future and there isa need to reanalyze experimental data thinking in thisdiretion.We also mention that the above speulations mustbe taken with great are, beause ommon sense mightoften be misleading in surfae physis. 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 subsurfae defets.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 loation of theimpurity and on the applied bias voltage. The atomiorbitals in the viinity of surfae defets 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 spei� spa-tial shape of the tunneling spetra LDOS(x; eV ) and,in other words, to the appearane of loal eletronidensity spatial osillations [18; 19℄. We note that theseare not harge density osillations, beause they areobserved in the empty-state energy range (above theFermi level).

Spatial LDOS osillations on the Ge(111)-(2 � 1)surfae were the subjet of Ref. [24℄. The energy di�er-enes measured with respet 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�ereneis not very large. At least, we suppose, it does not al-low making any onlusions about the most favorableposition of the donor atom. The di�erene 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�erene applies to a huge sur-fae slab. Due to slightly di�erent atom relaxation, afew eletronvolts an easily be aquired by the wholesuperell. Also, the thikness of the model slab mightnot be su�ient.The last row in Fig. 8 is to be desribed 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 diretion (the samefor Fig. 2 and Fig. 9) are shown on the maps with equalsales.Three things an be immediately notied fromFig. 9. First, one or two �-bonded rows are a�eted bythe donor impurity. Seond, one or two loal maximaare present on the pro�le. Third, the distane betweenmaxima an be one or two dimers along the �-bondedrow (the [01�1℄ diretion). 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 distane between the maxima. To beabsolutely aurate, not two, but a few rows are af-feted by the impurity. The situation is the same aswith the spatial extent of the LDOS image protrusion.One should either inrease the ontrast of images (seeFig. 9) or use pro�les in analysis (Fig. 9b ). Reduingto two disturbed rows allows lassifying LDOS imagesof the impurity loated at di�erent positions.Now we an return to the lowest row in Fig. 8. Im-ages 10, 60, and 80 orrespond to ross setions of theLDOS(x; y; eV ) salar �eld along the (a�a0) plane (seeFig. 2), i. e., along the seond (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-ferene being the image ontrast. The LDOS image forthe P donor plaed at position 7 is not shown beausethe LDOS maps along a�a0 and b�b0 dimer rows are al-1239



S. V. Savinov , A. I. Oreshkin, S. I. Oreshkin, C. van Haesendonk ÆÝÒÔ, òîì 147, âûï. 6, 2015

840 2
x, nm

6

2 rows
2 rows

2 rows

2 rows

P at1

c
bLDOS

2

3

5

7
8

6

4

1

[211]
− −

1 2 3 4

5 6 7 8

5 × 8 nm2

[011]
−

a b

b 'a '

a

Fig. 9. (a) LDOS(x; y) maps in viinity of a P atomloated at di�erent positions in subsurfae layers of theGe(111)-(2 � 1) surfae. Numbers denote atom posi-tions. Maps are given for a zero bias voltage. Pro�lesalong the b�b0 line are skethed on maps. White linesand arrows mark the positions of maxima in the dimerrow nearest to the impurity atom. Crystallographi di-retions and image size are indiated. 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 sale.Note the shift of the pro�le for position 2. () High-ontrast LDOS(x; y) map for the impurity at position1, illustrating the disturbane of the surfae eletronistruture in a few �-bonded dimer rowsmost idential. At the same time, in other ases, thedi�erene between the a�a0 and b�b0 maps is rather big.The only exeptional 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 hek whether this situation an be reproduedwith a slightly di�erent atomi environment, we haveperformed alulations for two impurities loated 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 lattie. The �rst impuritywas �xed at position 6, while the seond was sequen-tially plaed at positions from 1 to 4. The results fora P4�P6 pair are depited in Fig. 8(40). We an seethat the split state for the impurity at position 4 wasshifted below the Fermi level by adding the seond im-purity to position 6. Thus we proved that the splitstate loation below the Fermi energy an be observedat di�erent onditions. The omprehensive analysis ofdonor pairs is beyond the sope of this paper.3.5. Spatial osillations of LDOSWe have a data array with a high signal-to-noise ratio. Therefore, we an easily use somealibration sheme. Figure 10 depits the ratioLDOS(x; eV )=hLDOS(eV )ix. The role of the split statebeomes absolutely obvious. But we an also see hy-perboli branhes. It is well known that suh branheslead to the appearane of a quasilinear shape of the1D Fourier spetrum. We an on�rm this by detailedanalysis of a single LDOS(x; eV ) spetrum. This spe-trum is a speial ase in the sense that it was alulatedfor a 35�7 surfae slab to improve the quality of spe-tra. The 2D fast Fourier transform (FFT) spetrum isalulated by performing the 1D FFT on eah row ofthe original image and then putting them next to eahother. We an see the sin envelope oming from a lim-ited harater of the 1D spetra and a bunh of quasi-1D disperging branhes. These branhes are loatedat higher harmonis of the main frequeny. To showanother method of obtaining hyperboli branhes, wean take the smoothed seond spatial derivative Æ(x),Æ(eV ). The result is shown on panel 3 in Fig. 11. Thisimage has a lose resemblane to the image in Fig. 10.3.6. Model limitationsWe speify the strong assumptions used in thepresent alulations. Some of them are imposed by thevery big simulation superell. In partiular, we have1240
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S. V. Savinov , A. I. Oreshkin, S. I. Oreshkin, C. van Haesendonk 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 unlear feature (Fig. 2d in [4℄) most probablyis the STM image of a vaany at position 6.We have also performed our own low-temperatureSTM investigation of a lean Ge(111) surfae. Thesamples under investigation were ut from a heavilydoped (resistivity 1 
�m) Ge single rystal with n-ty-pe bulk ondutivity. The doping element was phos-phorus, whih 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 ommerially available low-temperature UHVOmiron system. The system was equipped with a us-tom built sample leavage mehanism. We have usedtungsten tips sharpened with �eld emission.Typial low-temperature STM images of theGe(111)-(2 � 1) surfae are presented in Fig. 12.The image in Fig. 12a depits the domain boundarytogether with the impurity atom. With our simpli�edlassi�ation, we an state that it is a P atom atposition 2: one row, two maxima, two dimer distanebetween maxima. Besides, it demonstrates exellentquality of images that are not �ltered in any way.Using the same lassi�ation sheme, we arrive atTable 2, whih is our main result. Our relatively simplemodel �ts real world. Feature i does not orrespond toan impurity loated in the �rst two bilayers. We havealso performed omputer simulation for a vaanyloated near the surfae. The best orrespondenebetween the STM image feature i is for a single atomvaany loated at site 6. Spatial osillations aroundthe impurity atom were observed experimentally [24℄.
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