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a charge-density-wave driven phase transition

K. Fleischert* S. Chandol&,N. Essett W. Richter! and J. F. McGilp
echnische UniversitaBerlin, Institut fir Festkaperphysik, Sekr. PN 6-1, Hardenbergstr. 36, D-10623 Berlin, Germany
2Department of Physics, Trinity College, Dublin 2, Ireland
(Received 8 November 2002; revised manuscript received 9 April 2003; published 19 June 2003

The (4X1)— (4X“2" ) phase transition of the In terminated Hil) surface around 120 K has been inves-
tigated by optical spectroscopy. Characteristic surface phonon modes ofxtheadd 4x “2” phases are
observed with Raman spectroscopy. Reflectance anisotropy spectrafodpyreveals a splitting of a large
feature in the optical anisotropy at 2 eV on formation of the low temperature phase. The changes in the RAS
and Raman spectra are discussed within the framework of the conflicting models of the phase transition.
Charge density wave formation driven by a Peierls transition is favored over transitions involving significant
structural modifications.
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[. INTRODUCTION good. The atomic positions measured by Kunepfl. also
agree well with the X1 model, but again there is less con-
Adsorption of indium on Sil11) produces a variety of vincing agreement with the 42 model®® Recent ARPES
surface reconstructiohghat are semiconducting for cover- (Refs. 10 and 11 and high resolution core level
ages below one monolayer and metallic at larger coveragephotoemissiot? work broadly support the Peierls transition
At the borderline between the two regions & 4 phase oc- model, but with some complexities that are not understood.
curs. The &1 unit mesh contains four indium atoms. The In Adding to the difficulty in understanding this interesting sys-
atoms form two parallel zigzag chains which are separatetem is the observation that the LT phase is extremely sensi-
by a zigzag silicon chaif.There is strong evidence from tive to surface preparation conditions, defect formation, and
both experimerit* and theory~’ that this structure is quasi  contaminatiort?
one dimensional metallic phase. Yeanal® reported that, Summarizing, there is a broad agreement between ground
below 120 K, the surface undergoes a phase transition to state theory and experiment concerning the room tempera-
reconstruction labeled>8“2” which is accompanied by a ture 4<1 phase of the surface. The conduction band states
strong reduction of the density of states at the Fermi energyemain uncertain, due to the well known limitations of cal-
On the basis of their angle-resolved photoemission spectreulations within the local-density-approximation. In the case
(ARPES and scanning tunneling microscopy results, thisof the LT 8x“2” phase, competing models for the driving
low temperature phase was interpreted as a one-dimensiornfarce that produces the phase change, namely CDW
charge density wavéCDW) system driven by a Peierls tran- formation®° trimer formation? or a 4x2 reconstructiofs,
sition along the row&.It was also reported that, at the tran- have been proposed.
sition temperature, a>“2” phase occurs which gradually In this work two surface sensitive optical techniques, Ra-
changes into a8 “2” upon further cooling. man spectroscopyRS) and reflectance anisotropy spectros-
In contrast, Kumpfet al. argued from surface x-ray dif- copy (RAS), are used to study the phase transition. Surface
fraction (SXRD) results that the surface atoms change theirsteps are employed to obtain single domain growth of the
positions at the phase transition such that a correlation pefew dimensional &« 1 structure on vicinal $i11). It has
pendicular to the In chains is establistiethe low tempera-  been shown that such material systems are particularly suited
ture (LT) phase transition was attributed to a modification ofto characterization by surface optical technigtiesrdered,
the In zigzag chain into a sequence of In trimers, rather thafow-dimensional nanostructures on surfaces have the re-
CDW formation along the chains, and the intermedigte duced symmetry that helps distinguish surface from bulk op-
X*2" ) phase was attributed to ax& phase with a high tical signals, and growth by self-assembly on surfaces with
degree of “4x 2 subcell disorder.” Chet al® performed to-  aligned steps often produces a single or dominant domain,
tal energy density functional theo@FT) calculations and thus reducing the problem of domain averaging of the sur-
proposed that, in particular, ax2 reconstruction was more face optical signal. RS is used to measure vibrational modes
energetically favored than the current4 model. The room  of the surface, which strongly depend on the atomic configu-
temperature %1 phase was proposed to be a thermally ac+ation and can give, via resonance effects, information on the
tivated mixture of four different modifications of this<®2  electronic surface states. The surface vibrational modes carry
structure. Thus both the SXRD and DFT results suggest that characteristic information on surface structure which is
the phase transition is a structural change. The calculatecbmplementary to x-ray diffraction: the bonding configura-
ground state band structure for th& 4 model fits the mea- tion (number, strength and direction of bond$etermines
sured bandstructure very wél?:'° but the agreement be- vibrational modes, rather than the precise atomic position.
tween theory and experiment for thx @ structure is not as RAS is sensitive to electronic surface states that show up
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through a different light absorption for polarizations along, TABLE I. Overview of surface related phonon modes, in'cm
and perpendicular to, the chains. The low temperature R8weasured for both phases at 30 K. The linewidth of a mode is given

and RAS measurements are discussed in the framework &f brackets. The energy difference for the mode visible with
the competing models. HREELS is easily explained by a temperature related shift of the

phonon modes, since our data were taken at 30 K, the HREELS
data at 300 and 90 K.

II. EXPERIMENT
4X1 4x4 2

Vicinal p-type S{111) samples were used with a 4° offcut RS (30 K) HREELS(Ref. 17 RS(30 K) HREELS(Ref. 17
towards thd 112] direction. Low energy electron diffraction

(LEED) confirmed that heat treatment to 1200 °C, followed_33 20 Zg g
by rapid cooling, produced a regular step structure wittv7 93 ] 60 (6) ]
reconstructed terraces. The deposition of about 1 ML of In a (18) ] ) ]
a substrate temperature of 400 °C to obtain a single domain

X1 surface was monitored with RA$ RAS measures the 20 (50 ) 142 (12 )
difference in reflectance, at near normal incidence, of light . 158 (19 )
linearly polarized in two orthogonal directions at the surface’ - 266(8) 266
plane of a cubic materidP*® The amplitude of the RAS - - 415 (8) -
signal is maximal if the surface is single domadrx 1). With ~ 435(10) - 435(13) -
a three-domain surface of equal statistical weight, no anisot- - 459 (11) -
ropy is observed because of domain averaging. Deposition 4’4 (11) - 474(14) -
400°C was controlled by maximising the main In-related493(12) 484 493(19) 492

RAS feature at 2 eV. After cooling to room temperature, the
size of the feature agreed well with previous studies of single
domain structure¥! LEED patterns, obtained after all the likely. It appears more reasonable that the formation of the
optical measurements in order to minimize contaminationfull (82" ) structure is prevented by the high offcut angle
showed a single domain>4l reconstruction at room tem- of 40. The average terrace width is only 45 A—less than two
perature. Occasionally, a very faink7 pattern could still be  8X*2” unit cells. All reports of single domain &"“2”
seen, but this does not affect the spectra or discussion bghases so fafif an offcut angle was reportedvere on
cause the % 7 is optically isotropic and does not show Ra- samples with offcuts of less than 2°'* Further measure-
man modes in the energy region of interest. ments to clarify the influence of the offcut angle are planned.
After preparation the samples were transferred in vacuunThe LT phase on the fresh sample will be referred to as 4
to the liquid helium cooling stage where low temperaturex“2,” in agreement with the LEED pattern, even though it
measurements were performed. The base pressure of the syslikely that some & “2” unit cells are present but lack long
tem was X 10” 1°mbar. The RAS instrument was capable of range order.
measuring from 0.8 to 6.5 eV using a Caphotoelastic
modulator and Mgk polarizers. Raman spectra were taken
with a Kr ™" ion laser at 647.1 nrfiL..92 e\j with an incoming

and scattered polarization along ff&l1] axis. The atomic configuration at the surface is different from
All measurements were performed either directly afterthe bulk and thus the vibrational properties of the surface are
sample preparatiothereafter called “fresh}, or after three different, leading to phonon modes that are characteristic for
days in the vacuum systethereafter called “old). The 4  a given surface structuré Surface modes were already mea-
X1 to 4X 2 transition is known to be prevented by small sured for the X1 and 8<“2” phases with high resolution
amounts of contaminatioff. Accordingly, the 4«2 phase electron energy los$HREELS at 300 and 90 K, respec-
could not be observed for old samples, theUphase being tively, where a mode at 60 me{484 cm ') was observed
stable at all temperatures. Neither RAS nor RS at room tenfor the 4< 1 phase, and two modes at 61 méd92 cm 1)
perature showed any significant difference between the oldnd 33 meV(266 cm ') were observed for the>g8“2.” 1’
samples and the fresh ones, which indicated that the optic&8urface Raman spectroscopy reproduces these modes and re-
properties of the A 1 phase can usefully be measured at lowveals many additional modésee Table)l. Low temperature
temperature with old samples. The phase transition beloRaman spectra of a freshly prepared“2” sample and of a
120 K was verified with LEED, where theX2” streaks three day old 41 sample are compared in Fig. 1. Strong
could be observed, but the fulX@ LEED pattern was not modes at 435 and 59 cnt as well as weaker modes at 33,
obtained: the X 8” superspots were not observed even at65, 150(broad, 474, and 493 cm? are observed for the 4
temperatures below 50 K. Since the LT-LEED measurementx 1 surface. The modes at 474 and 493 ¢niie on the
were performed at the end of the experiment, it could beshoulder of the bulk Si TO mode at 520 crh The bulk
possible that contamination prevented the formation of the 8node is not shown in Fig. 1 since it is approximately 500
X“2" structure. However, the formation of the X2” times larger than the full scale in that figure. The mode at
streaks and the observation of a phase transition at tempera®5 cm * is the bulk Si 2TA mode which is very weak at
tures consistent with previous wdtkmake this very un- low temperature&’ Some structures in Fig. 1 could not be

IIl. RAMAN SPECTROSCOPY AT 30 K
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[4x2) 33 45 60 142158 266 415 435 a7 493] ment against the trimer model is the fact that, while SXRD
(ax1) 33 5965 146 435 474493 . . .

09 . e e measures only interatomic distances, Raman measurements
reveal bonding arrangements, so a rearrangement of In atoms
into trimers should yield a different bonding configuration
with a new set of significantly different modes, which was

/4
AT

In related

o8 surfa.ce phonons

£ F 1 not observed at formation of thex42” phase.

2 While the Raman results make the large changgs

g , i 3 proximately 0.5A in atomic positions unlikely, the forma-

z buics  Lsurface phonons |3 tion of the CDW would be expected to produce only small

s HE P2TAX) N changes in the atomic positions and, due to doubling of the

£ 0.4-) ('4x"2“') I jl surface unit cell, backfolding of the phonon branches of the
i HE : : surface Brillouin ZondSBZ). As phonon branches normally

W"ﬁm AR show dispersion, the backfolding can lead to the appearance
- Lo Temperature: 30 K [4 of new phonon modes at the center of the SBZ probed by
2040w o0 Al e s;fi:"(cm_f;’“ 600 4m e eon RS, with the original mode being retained at an unchanged
energy. The modes at 33 and 45 and 415 and 435%m
FIG. 1. Comparison of Raman spectra of the ¥and 4x “2” together with the separation of the 150 cfmode into two,
phases at 30 K. The spectrum of the # phase was obtained after lend themselves to this interpretation. In addition, such a
slight contamination of the surface which prevents the phase trargone folding could generate an optical mode from an acous-
sition. At room temperature thex4l spectrum of such samples tic mode in regions where there was no observable mode
showed no significant differences from the clean spectrum. Therior to folding: the mode at 266 cit could arise in this
lines mark the structures related to the % phase, additional modes way. Such qualitative arguments provide an elegant explana-
for the 4<*2” phase are marked with dotted lines. All measure- tion of the unusual phonon mode structure observed and lend
ments were taken at 647 nm and incoming and scattered polarizgyeight to the CDW model of the LT pha§é9 While the
tion along[011]. CDW mechanism can not directly be proven, our RS results
demonstrate clearly that a restructuring yielding a larger sur-
resolved on all samples, and are therefore not considerddce unit mesHas seen with diffraction techniques as well
here(73 and 80—90 cm'for the 4x “2” phase, as well as a takes place without a substantial modification of the bonding
structure at 230 cm?'). These features will be studied more configuration in the surface layer.
closely in additional experiments that are currently under- The large increase in the Raman intensity of the 33 &m
way. On formation of the LT phase, significant differences inmode on formation of the 4“2” phase may be a resonance
the spectra were observed, especially in the low frequencgffect, since the laser photon enerdy92 e\j corresponds
region. Very sharp modes appear at 33 and 45 trwhile  exactly to an electronic transition within the surface band
the mode at 65 cm® cannot be distinguished anymore. At structure that changes on formation of the phase, as observed
higher energies new modes are observed at 266, 415, aily RAS (see below. The Raman scattering intensity for vi-
459 cm *. Thus the formation of the LT phase is accompa-brational modes coupled to surface states can be strongly
nied by the retention of the room temperatyRT) phase enhanced if the incident laser light is resonant to a transition
modes at similar intensities and frequenciesich is a re-  within the surface band structuf&’®
markable observation in its¢lfand the appearance of new No calculations of surface phonon modes for the
modes in the immediate vicinity of the RT phase modes. Si(111)-(4X1)In surface are available, but some general ob-
The complete disappearance of the mode at 65tnon-  servations may be made. The mode at 435 ¢ris close to
firms that no significant population of thex4 phase re- those calculated for Si dimer chains on thé1$1)-(2x 1)
mains at these temperatures for the clean surface. Modes ofsarface(435 and 412 cm?).?! Since the Sil11)-(4X 1)In
different reconstruction are being observed, with most of thestructure has a similar Si chain, isolated from the In chfhs,
vibrational modes common to both reconstructions. Thet is likely that such a vibrational mode could exist. In the
atomic configurations of many of the atoms of the 4and  low frequency region, below 150 cnt, vibrational modes
4x“2" reconstructions must therefore be very similar. mainly related to In-In bonds are expected, since the In at-
The only energy shift observed is for the mode atoms are heavier than the Si atoms and In-In bonding is gen-
59 cm * which is found at 60 cr? for the 4<“2” phase.  erally weaker than Si-Si bonding. For example, the highest
All other common modes were unchanged in energy. A maxibulk vibrational mode of indium is a longitudinal acoustic
mum change of 2% in phonon energy in one common modenode at 114 cm?, with transverse acoustic modes at 25 and
would suggest very little change in bond lengths on forming34 cm1.22 Calculation of the surface phonon modes of this
the 4x“2" phase, in contrast to the reported changes of upsystem is clearly needed to make further progress. Such cal-
to 10% in the In-In bond length measured by SXRD. Theculations are the only reliable way to match changes in
atoms involved in the observed phonon modes and the qua@atomic positions to the observed changes in the Raman spec-
titative relation between position change and phonon energifa. This should be feasible as similar calculations have al-
are not known at present, so the question remains opemady been performed for the ($11)-(y3x/3)In
whether there is a significant disagreement between theeconstructiorf®
SXRD and Raman data. However, a more convincing argu- Concluding this section, the Raman data for the LT phase
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FIG. 2. Comparison of RAS spectra of the<4 and 4x“2”
phases at 30 K. The spectrum of the 4 phase was obtained after FIG. 3. RAS spectra, displaced by &80 3, at temperatures
slight contamination of the surface in order to suppress the phasaround the surface phase transition. The splitting of the negative
transition. The clean spectrum at 120 K is shown for comparison.structure around 2 eV can be seen, as well as an increase of the
anisotropy below 0.9 eV. The inset shows the RAS transient mea-

can be elegantly explained by the backfolding of surfacesumd at 2.0 eV. The magnitude of the anisotropy decreases at the
bands within the SBZ on CDW formatidf. Alternative phase transition due to splitting of the RAS minimum around 2 eV.
models involving significant changes in atomic positions or. . . .
rearrangement gf a?omic bonds a?e not likely bepcause of thiICrease as the dens_|ty of itinerant states at the Fe”‘?' level
presence of many of the surface Raman modes of the 4 ecreases on formation of the<42” phase, thus producing

; ” _ the increase in reflectivity observed. By extending the RAS
phase in the spectrum of the<42" phase at the same en measurement further into the infrared it should be possible to

eray. distinguish Drude-like and localized state behavior.
Using the surface band structure to interpret the RAS
IV. REFLECTANCE ANISOTROPY SPECTROSCOPY spectra in more detail is difficult because the position of the

AT 30 K conduction band states remains uncertain, due to the well
known limitations of local-density-approximation calcula-
The geometry of the RAS experiment was chosen to meajons, and because small differences in the oscillator strength
sure the difference in reflectance along, and perpendicular tgf electronic transitions in either or both of the orthogonal
the In chains. RAS of the 41 surface(Fig. 2) displays a directions in the surface can produce a significant change in
dominant reflectivity perpendicular to the chains at 2.0 eV,the spectrum. However, it is tempting to link the enhanced
and thus a minimum in the spectra, which has been attributefiaman intensity of the4“2” phase (Fig. 1) with the split-
to In-Si backbonds in earlier studies by Pedresthil'* The  ting of the deep RAS minimum, which shifts the position of
extended energy range of our spectrometer reveals a donthe minimum from 1.96 to 1.90 eV and thus much closer to
nant reflectivity along the chains in the near infrared regimgesonance with the Raman excitation energy at 1.92 eV. The
below 1 eV. Spectra of thex4*2” phase show a splitting of  packfolding of the surface electronic bands in the SBZ in-
the feature around 2-eV and a substantial increase in anisaguced by CDW formation would also provide an explanation
ropy in the near IR. The splitting of the 2 eV peak into one atfor the RAS observation. An excited state dispersing by 0.3
1.9 eV and one at 2.2 eV cannot be explained as @V could, after backfolding, create two states with an energy
temperature-induced sharpening of the original 2-eV pealgifference sufficient to explain the splitting of the 2 eV sig-
since the overall width of the structure is much larger for thena|. Since all but one of the ground state surface bands in this
LT phase. There is a small difference in the infrared regionenergy region disperse significantly and also cross the Fermi
between the clean spectrum at 12Q/g. 2) and the slightly  |eve| 35-81011hackfolding could also lead to empty surface
contaminated spectrum at 30 K but elsewhere the spectra caffates contributing to the new structure appearing below 1

be seen to be almost identical. eV. A more detailed interpretation awaits specific calculation
In previous RAS work* on the metallic 41 phase, we of the optical anisotropy.

suggested that the large, positive anisotropy in the near in-
frared region was consistent with a Drude-likg o response.

The 4x “2” phase is reported to be non or less metaflit?!

but a larger anisotropy is measured at the same temperature,
in contrast to a simple Drude-like response. Differences in The development of the RAS spectra in the temperature
the band structure of the two phases are, however, confingggion between 120 to 80 K is shown in Fig. 3. In order to
to a region very close to the Fermi levéllt follows that the  estimate the transition temperature, the RAS transient at 2.0
density of localized states close to the Fermi level may weleV was measured. Since the minimum of the RAS spectrum

V. REAL TIME MONITORING OF THE PHASE
TRANSITION (VARIABLE T )
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s ] phase. In contrast, we have shown that a small contamination
124 . results in low temperature spectra with lineshapes very simi-
1 lar to spectra of the ¥ 1 phase above the transition tempera-
10 M .

ture.

_’g 30K
08|
E W ] VI. CONCLUSIONS
g 08f 90K - We have shown that the phase transition of the.=)-
& ——Pphase transition 120K | (4% 1)In surface below 120 K can be monitored with optical
é il i techniques such as Raman spectroscopy and reflectance an-
= wal ] isotropy spectroscopy. RS shows that thel4and 4x “2”
300 K | surface phases possess distinct, but similar, sets of vibra-
oof e e ——_ tional modes. The surface Raman spectrum shows a sharp-
. . . . . ] ening and splitting of phonon lines upon a transition into the
0 50 100 150 200 250 300 4x 2" surface phase. RAS of the ¥ “2” phase also shows
Raman shift (cm™) significant differences compared with the<4 phase: the

egeep minimum at 2 eV splits, and an increase in intensity is

P bserved below 0.9 eV. Using RS and RAS thelphase

Cha,nlge of the mo_de around 35 C'ln!mo. two modes at 33 and 45 was shown to be stablge., the 4<“2” phase formation is

cm™ -, accompanied by an intensity increase, can be seen. The ressedto low temperatures in th ) n f slight

mode at 59 cm? remains unchanged. Supp ess . 0 1o e. peratures . ep eS? ce ot slg
contamination by residual gases in the ultrahigh vacuum en-

vironment. LT measurements of thex4 phase, obtained

from slightly contaminated surfaces, were presented to allow

FIG. 4. Development of the Raman spectrum upon cooling. Th

of the 4x 1 reconstruction is at 1.96 efat 30 K) the mag-

nitude of the(negative signal at 2.0 eV is expected to in- . X . o
crease on cooling due to the blueshift and sharpening of Ra§asier comparison with the LT-#"2" phase. The RT specira

structures. This effect can indeed be observed between 338 these lightly contaminated surfaces were the same as those

and 130 K. Below that temperature, the magnitude of th fom fresh _samples. o
signal decreases due to the development of the'2 The assignment of the observed features is limited by the

double peak structure at 1.9 and 2.2 eV. The transition show%b.Sence of phonon dispersion and optical anisotropy calcu-
a sharp onset at 125 K, and 90% of the signal change iléemons. However, the unchanged energy of the_ common pho-
completed by 95 K. This 30-K range contrasts with a rangéﬁon modes of the LT phase, together with the increase in the
of 10 K reported in previous wotk and may be associated numbPer of mod?s” observed, 'render .th.e trimer formation
with the small terrace width of the 4° offcut. However, our modef of the 4x*“2" phase uql!kely. Within the model of
RAS system illuminates the whole of the sample and thus éhe 4x1 phase as a superposition of aimost degenerat 4

broadening of the transition due to a temperature gradier{faconStrUCtﬁng"t.'S r?ott obV{oulse:E)thllght tclontatmlnatlon
across the sample is the more likely explanation. The presqan prevent ireezing into a sing phase at low tempera-

ence of a phase transition at this temperature is good evfures. The sensitivity of thex"2” phase to co'ntam|nat|on.
d the observed surface Raman spectrum is most straight-

dence that the same general reconstruction is occurring, ev ; ; :
though the “x 8” superspots are not observed. Below 90 K orwardly explained by the formation of a charge density
wave and the folding of the surface Brillouin zoh¥.

the change in the signal cannot be easily assigned to chang ; . .
in the reconstruction, since the temperature-related sharpeEe-Alg contr:;tst tofﬂ;ﬁ Ralmag resultts thgret|sda dn;fertlance1|2 the
ing of the RAS structures can have a similar effect. spectra of the slightly contaminated and clean

Similar temperature dependent RS measurements a rfaces. It is interesting to speculate that the RAS spectra at
shown in Fig. 4. The transition between the % and 4 *2" ow energies may be revealing the small changes in the sur-

phases, discussed above, occurs in the temperature reg(iiﬂ'fe electronic states that prevent or drive the CDW forma-

between 120 and 90 K. The measurements were perform
with a one day old sample and so the spectrum at 30 K is ﬂq
linear combination of X1 and 4<x“2” phases. Hence the
modes at 33 and 45 cit are not as pronounced as in Fig. 1,
and the mode at 65 cit is still visible.

The similarity of the low temperature optical spectra of an
old sample with the spectrum of a cleaix 4 phase above
the transition temperaturgsee Fig. 2 challenges the %2
superposition model of Chet al. If the 4X 1 phase were a
thermally activated mixture of four different>42 recon- This work was supported by Enterprise Ireland Grant No.
structions, then it should not be observed below the transiSC/2001/109/ and the SFB 290 of the Deutsche Forschungs-
tion temperature, and the presence of small amounts of comemeinschaft. The authors would like to thank Theo
tamination would be expected to lock the system into<d®24 Herrmann for his support with the RAS setup.

A more detailed interpretation awaits the calculation of
e optical anisotropy and the surface vibrational modes. In
addition, experimental studies of polarization dependence
and resonance effects in the Raman spectra are currently un-
derway and are expected to reveal more information con-
cerning the symmetry and origin of the vibrational modes.
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