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Anomalous flipping motions of buckled dimers on the Si001) surface at 5 K
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We report on dynamical flipping of buckled dimers on théd81) surface at 5 K. Ac(4X 2) ordering of the
buckled dimers has been observed to fluctuate at 5 K by using low-temperature scanning tunneling microscopy
(STM). The flip-flop motion of the buckled dimers on thg@®l1) surface exhibits symmetrical appearance in
the STM images, independent of sample bias voltages and tunneling current.

The origin and nature of dimer structures on théd&1) STM in an ultrahigh-vacuum chambé@JHV) with a base
surface is one of the most intensively discussed issues ipressure less thanxi10 ° Pa? Electrochemically W tips
semiconductor surface physics. From enormous experimenvere used for the STM probe, which were prepared in UHV
tal and theoretical studies, it is well established that the basiby electron bombardment heating. Thé08il) sampleqBo-
reconstruction mechanism consists in the formation of buckron doped with 0.0%0.02 {2 cm and Antimony doped with
led dimers! and the 21 structure at room temperature is 0.05-0.09 Q cm) were cut from commercial wafer stocks.
due to thermal activated flip-flop motion of the buckled After being degassed at 900 K, the(®1) surfaces were
dimers between their two possible orientatidmst. low tem-  cleaned by thermal flashing at 1400 K. This cleaning proce-
peratures belowT.~200 K, scanning tunneling micro- dure completely eliminates surface defects, estimated to be
scopé™® (STM) and other experimerﬁg have shown that less than 0.5 %, while the high defect densBy-10 % has
the 2x 1 structure is transformed into tleé4 X 2) structure, been reported for typical clean surfadeBhe clean samples
which results from an antiphase ordering of the buckledwere, then, transferred into the low-temperature STM stage.
dimers. The structural transformation is described as aihe STM unit(including the tip and samplds thermally
order-disorder phase transition with respect to the dimeand mechanically connected with a liquid He bath, and
buckling, and the phase transition behavior has been charashielded by a liquid M bath against room-temperature radia-
terized as an Ising-spin mod&t* However, the first prin-  tion. Owing to the radiation shield system, the achievable
ciples calculations have predicted that (@< 2) configu- temperature of the STM is abbh K using liquid He Tem-
ration, which consists of an out-of-phase and in-phase@erature measurements are achieved by a thermocople
ordering of the buckled dimers along and perpendicular to+0.007 at.% Fe vs chromelmounted near the sample
the dimer rows, respectively, is also stable for th€0&l) holder. All STM images were obtained by a constant-current
surface at 0 K. Even in the recent precious calculations, thenode at room temperature, 63 K, and 5 K. Tunneling spectra
calculated total energies of thg4x2) andp(2x2) struc-  [(dI/dV)/(I1/V)] were numerically derived frorr+V charac-
tures are very similar in energshe energy difference is only teristics at typical tip-sample separations given by a tunnel-
about 1-2 meV/dimer'~**It is not possible to resolve the ing current of 100 pA and a sample bias voltage of 1.5 V,
energy difference without improving the accuracy of the bestvhich almost represent the local density of electronic states
calculations. Thus the ground state configuration of thedt the surface¥’ _

Si(001) surface is still controversial, although the low- At room temperature, most of the dimers appeared to be
temperature experiments have exhibited ¢fidx 2) struc- Symmetric in the STM images of the (801-2x1 surface
ture. (not shown, V\2/hICh is due to the time average of thermal

In this paper, we report on anomalous dynamical properg'fTﬁer gli%)gr]gwig ?r?gs“trlg? ftrgzesei KA;hfhg\)fvrﬁam'%;)lmgg
giioolj t: %ggflf)lfe(ghglg}?nr:rggr?%zﬁl)lgui%gc?oar;:k;(.thebucmed dimers were antiferromagnetically ordered on the

Y entire surface, leading to tl§4 X 2) reconstruction. Figures
orderedc(4><2) structure at 63 K, they appear to be sym- 1(b) and Xc) show the high-resolution STM images of the
metric in STM images at 5 K. Since the tunneling spectra d

, Gilled and empty states at 63 K, respectively. The phase of
not change betweent & K and 63 K, the dimers at 5 K ;i 744 pattern in the dimer-row direction changes by 180°,
should be buckled with the locai(4X2) and/orp(2X2)  when the bias polarity is changed. The dimer buckiing in-
correlations. Therefore, the symmetric appearance of dimergyces the charge transfer of dangling-bond states, which re-
at 5 K should be due to the flip-flop motion of the buckled sults in a relatively full dangling bond on the upper-side
dimers. atom of the buckled dimer and empty on the lower-side

The experiments were performed with a low-temperatureatom. Thus, the filled-state images probed the upper-side
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(b)

FIG. 1. (a) Filled-state STM image of the ®01) surface at 63
K, extending over 325 nnt (Vo=—1.0 V, ;=100 pA. The
c(4%x2) ordering of the buckled dimers is shown on the entire
surface. The symmetric-appearing dimers still remain only at the
lower side of the straigh®, step, which is due to the strain field of
the S, step, as reported previously in Ref. &),(c) The high-
resolution STM images of the Si(00t)4x2) surface in filled
states {/s=—1.0 V, 1,=100 pA and empty states\;=1.0 V,
I,=100 pA. These STM images extend over 2.3.1 nnt taken
at 63 K.

FIG. 2. (a), (b) Filled- and empty-state STM image of the
Si(001) surface at 5 K. These STM images extend over 23

atom, and the empty-state images probed the lower-sidé 2> ni?, taken atVs=—10 V andVs=1.0 V (1,=50 pA), re-

atom. These STM images are in good agreement with th%ﬁ);(r:it(i:vely. In both images, most of the dimers appear to be sym-
calculated STM images for the(4Xx2) buckled dimer '
structure'® Although thec(4x2) ordering is known to be
suppressed by a small amount of defe¢even about parameter for the(4x2) structure estimated from Fourier
19%),31718 our extremely low-defect surfaces exhibit the transform of the STM imagéswas only 0.25:0.1 at 5 K,
complete order of the(4%X2) phase in this temperature While the parameters were @:D.08 and 0.950.1 at room
range. temperature and 63 K, respectively. The symmetric dimer
By further cooling down to 5 K, we observed that the images were well reproduced at 5 K, independent of tip and
buckling of dimers disappeared in the STM images. Assample conditions. Furthermore, we confirmed such the im-
shown in both the filled- and empty-state images at 5 Kages on bottp- and n-type S{001) surfaces at sample bias
[Figs. 2a) and 2b)], most of dimers appear rather symmet- voltages from—2 V to 2 V with tunneling currents from 5 to
ric, except for those at the upper edge of thes&eps and 500 pA.
near the kinks. Although the symmetric-dimer images at 5 K Figure 3 shows the tunneling specfrédl/dV)/(1/V)]
are very similar to the & 1 images at room temperature, the obtained for thep-type S{001) surface at room temperature,
distinguishing features at 5 K are that flicker noise has beefi3 K, and 5 K. Each spectrum has been derived from signal
observed in both the filled- and empty-state images, and thaveraging of fivd -V characteristics over the terraces. In the
dimer buckling appears slightly clear in the empty-state im-spectra, we observed that the peak positions were almost
ages. The flicker noise was not observed in the buckledhdependent of measured positions and tip-sample separa-
dimer region of the same imagésich as at the upper side of tions, although their relative heights were slightly changed.
the S, steps. In addition, such the flicker noise has been alsoFor thec(4x2) structure at 63 Ksecond curvg the three
observed at the lower side of tHg, steps even at 63 K, characteristic peaks at0.5, 0.6, and 1.3£0.05) eV have
where the flip-flop motion is introduced by the local lattice been assigned as the top of the occupigdsurface band,
strain® Thus, the noise should result from slow flip-flop mo- and the bottom and top of the unoccupiedl surface band,
tion of the buckled dimers during the STM scan. The orderespectively>~1416 We observed that these characteristic
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FIG. 4. Plots of the relation between the wave numkgE,)

FIG. 3. Tunneling spectri(d1/dV)/(1/V)] of the S{001) sur- =Nn#/(L—a) of the confine_dw* _surface electrons and _the discrete
face at room temperatukéhird curve, 63 K (second curvg and 5 €nergy levelsE,, wherel is dlsFance betv_veen_a pair of the Al
K (top curve. At each temperature, the STM tip was fixed\at ad-dimer chair)s, .and=0.45 nm is the barrier thickness of the Al
=15 V andl,=100 pA to obtain current-voltagel {) curves. chain. Circles indicat&, taken at 63 K, and open squares taken at
These spectra are composed of three identical peaWg=at-0.5, 5 K. Solid line: calculated dispersion relation foff surface states
0.6, and 1.3 £0.05) V. by Northrup in Ref. 14.

peak positions were coincident with those at both room tem-ShOUId be negligible, since the dimers still appear symmetric

perature ad 5 K within £0.05 V, as shown in Fig. 3. At even_gt a very_low tun_n_eling cur_rent of 5 pA in bo_th bias
room temperature, the electronic structures have been efolarities. In this condiiion, the tip-sample separation was
plained as the flip-flop motion having the loca(4x 2) abou 2 A larger than that.for a typical tunnelln_g current of
and/orp(2x 2) correlations®? although the surface exhib- 100 pA. Thereby we consider that the symmetric appearance

its the 2< 1 symmetry. Since these characteristic peaks stiIPf t'he'buckled dimers is not caused by the tp .efffe.CtS’ but by
remain at 5 K, the fiip-flop motion with the loca{4x 2) Intrinsic nature of the surface. Another possibility is that the

and/orp(2x 2) correlations is also suggested at 5 K buckled dimers have been changed into the symmetric con-
To study the dispersion relation of the surface band at figuration withc(4 X 2) ordering of spins. By calculating the

: . effects of spin arrangements, Artacho and Yndurain have
5 K, we made one-dimensionélD) quantum boxes on the P 9

- concluded that the dimers are essentially symmetric with a
p—type S{00D) surface. The unoccupiesl; surface band of ~ gyong spin correlations within theff.Although their band

the ¢(4x2) structure is known to exhibit a 1D character in gy ctures are very close to those of the buckled dimer struc-
the dimer-row directiot”***°To confine electrons in the 1D e "we observed the flicker noise in the STM images at 5 K
7* surface states, straight chains of Al ad-dimers were use igs. 2. The noise should be associated with slow dynami-
for the potential barrier, which were made by deposition aly| flipping of the buckled dimers. Recently, similar noise
room temperaturé?> The 1D quantum boxes were created has been detected on the (G@1) surface at about 200 K,

in t_he dimer-row directipn between_a pair of Al chains, and,ynich has been explained by the flip-flop motion during the
their quantum properties were directly probed by low-gT\m scard?

temperature STM, as reported previouSlThe eigenener- The dynamical flipping 85 K should be caused by reduc-
gies E, of the quantum states were obtained from spectrafio in the barrier height for the dimer flipping. Although the
peaks of the tunneling spectra in the quantum boxes, anghechanism is not clear at present, a possible origin seems to
their wavelengthkn(E,)=nw/(L—a) was determined by pe the anharmonic potential effect. Shkrebtiial. have sug-
the distancd. between Al .cgalrjs and the barrier thlckpessgested that the dimer flipping is strongly associated with
a=0.45 nm of the Al chairf” Figure 4 shows the relation atomic displacements of the second layer atoms, since the
betweerE, andk, obtained at 5 Kopen squargsThe plots  flinping motion is coupled to large shifts and large twisting
accords well with both the dispersion relation at 63 Kamplitudes of dimers in the dimer row directi#hSince this
(circles (Refs. 21 and 2Rand the calculatedr; surface  mechanism lowers significantly the barrier with respect to
band of thec(4Xx2) structure in thel'—1/2]" line (solid  the pure rocking motion of the buckled diméfg®the elas-
line).”*** From these results, we conclude that the locakic property in the subsurface layer should affect strongly the
c(4X2) correlation still exists at 5 K. However, since the barrier height for the dimer flopping. Due to the anharmonic
calculated dispersion curves for th§ surface band are very potential effects, the expansion coefficient of bulk Si is
similar between th@(2x 2) and thec(4x 2) structures?*®  known to become negative at low temperatui2g—120 K
the p(2Xx2) correlation cannot be excluded. and close to zero below 20 £.Anharmonicity is respon-
The tip-dimer interactions have been suggested byible for important surface processes, such as thermal expan-
theory?*=® which can explain the symmetric appearance ofsion, reconstructive phase transition, and surface melting. In
the buckled dimers. However, the tip-dimer interactionsaddition, because of breaking the symmetry, the anharmonic-



RAPID COMMUNICATIONS

PRB 61 ANOMALOUS FLIPPING MOTIONS OF BUCKLED. ... R5081

ity should be enhanced at surface regidhaccordingly, we  the G&001) surface®® The negative thermal expansion of Ge
believe that important contributions to the reduction of theis much smaller than that of Si, although it has been ob-
barrier height arise from the anharmonic potential effects thagerved for bulk Ge at low temperaturésWe observed the
might induce unexpected atomic displacements in the sulx(4x 2) ordering of the buckled dimers on the (G@1) sur-
surface layers at 5 K. However, Shigekaetzal>* observed face at 5 K, similar to at 63 Knot shown. This result
that most of the dimers were buckled on the0Bl) surface  indicates that the re-excitation of the flip-flop motion at 5 K
at 6 K, and exhibited coexistence of th¢4x2) andp(2 s intrinsic nature only for Si, reflecting the difference in the
X2) domains. In addition, the sequence STM images havg|astic properties between Si and Ge.

shown continuous fluctuations between tbgtx2) and In summary, we have observed anomalous dynamical

p(2X2) arrangements, leading to their conclusion that the}lipping of buckled dimers on the @01 surface at 5 K by

p(2x2) configuration is also stable for the(®01) surface using | . ;
31 o . ; g low-temperature STM. The stati¢4x2) images at
at 6 K= Although itis controversial why our STM images at 63 have been transferred into th 2 like images. Because

5 K are completely different from Shigekawa’s images at 6the dispersion relation of the* surface states were almost
K, we suggest that th€-type defects remained on their P

sample surface can freeze the dimer buckling. Due to it dentical betwee_n_at 63 Kand 5K, thed .“ke 'mages _at_5
asymmetric structure, the-type defect is known to pin the K Should be originated from the dynamical dimer flipping
local buckling of dimers even at room temperattfae with the local c(4>§ 2) 'and/or p(2x2) correlat|ons..AI-
emphasize that thé-type defects have been mostly removedthough thg mechgnlsm is not' clear at p'resent, we believe that
from our sample surfaces by the careful cleaning procedurdhe potential barrier for the dimer buckling has been reduced

The order-disorder phase transition from th& 2 to by anharmonic potential effects in the subsurface layers at
c(4x2) structures af ;~200 K has been also reported for 5 K.

*Present address: National Research Institute for Metals, 2268-£Y. Nakamura, H. Kawai, and M. Nakayama, Phys. Re®5310
Shimo-Shidami, Nagoya 463-0003 Japan. Electronic address: 549 (1997).

yokoyama@nrim.go.jp 19y, Enta, S. Suzuki, and S. Kono, Phys. Rev. L&§ 2704
1D. J. Chadi, Phys. Rev. Lets9, 1691(1987. (1990.

’R. J. Hamers, R. M. Tromp, and J. E. Demuth, Phys. Re84B 29| 5 0. Johansson and B. Reihl, Surf. 69270, 810 (1992.

5343(1986. 21T Yokoyama, M. Okamoto, and K. Takayanagi, Phys. Rev. Lett.
3R. A. Wolkow, Phys. Rev. Lett68, 2636(1992. 81, 3423(1998.

4T. Yokoyama and K. Takayanagi, Phys. Rev.38, 10 483 22T yokoyama and K. Takayanagi, Phys. Rev.5®, 12 232

(1999 _ (1999.
°T. Yokoyama and K. Takayanagi, Phys. Rev. 5, R4226 237. -H. Huang, M. Weimer, R. E. Allen, and H. Lim, J. Vac. Sci.
(1998. , , , )
. Technol. A10, 974 (1992.
6T. Tabata, T. Aruga, and Y. Murata, Surf. Sci. Let79, L63 24T Kawai and K. Watanabe, Surf. S@57358 830(1996
(1987. : ) ’ : :

25K, Cho and J. D. Joannopoulos, Phys. Rev. L&11.1387(1993;

M. Kubota and Y. Murata, Phys. Rev. 49, 4810(1994).
y (1994 Phys. Rev. B53, 4553(1996.

83. Ihm, D. Lee, J. D. Joannopoulos, and J. J. Xiong, Phys. Rey,

Lett. 51, 1872(1983. 26E. Artacho and F. Yndurain, Phys. Rev. Léi2, 2491(1989.
9A. Saxena, E. T. Gawlinski, and J. D. Gunton, Surf. 360, 618 "T. Sato, M. Iwatsuki, and H. Tochihara, J. Electron Micro8.
(1985. o L1999 _
10M. Okamoto, T. Yokoyama, and K. Takayanagi, Surf. S€i2— A. I. Shkrebtii, R. Di Felice, C. M. Bertoni, and R. Del Sole,
404, 851 (1999. Phys. Rev. B51, 11 201(1995.
1K Inoue, Y. Morikawa, K. Terakura, and M. Nakayama, Phys. >’G. Dolling and R. A. Cowley, Proc. Phys. Soc. Lond88) 463
Rev. B49, 14 774(1994. (1966.
125, Ramstad, G. Brocks, and P. J. Kelly, Phys. Re6B14 504  *°K. Pohl, J. -H. Cho, K. Terakura, M. Scheffler, and E. W. Plum-
(1995. mer, Phys. Rev. Let80, 2853(1998.
133, Fritsch and P. Pavone, Surf. S84, 159 (1995. 31H. Shigekawa, K. Miyake, M. Ishida, K. Hata, H. Oigawa, Y.
143 E. Northrup, Phys. Rev. B7, 10 032(1993. Nannichi, R. Yoshizaki, A. Kawazu, T. Abe, T. Ozawa, and T.
5R. M. Feenstra, J. A. Stroscio, and A. P. Fein, Surf. $8l, 295 Nagamura, Jpn. J. Appl. Phys., Par8, L1081 (1996.
(1987. 32R. Hamers and U. K. Kohler, J. Vac. Sci. Technol.7A2854
18H. Kageshima and M. Tsukada, Phys. Rev4® 6928(1992. (1989.

1H. Tochihara, T. Amakusa, and M. Iwatsuki, Phys. Re\6@B12  33J. Alvarez, V. H. Etgens, X. Torrelles, H. A. van der Vegt, P.
262 (1994. Fajardo, and S. Ferrer, Phys. Rev5R 5581(1996.



