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Surface phase transitions of GELOO) from temperature-dependent valence-band photoemission
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Valence-band photoemission at a photon energy of 32 eV has been carried oytl60) Bem below room
temperature to 1173 K. The(4X2)—2X1 phase transition is accompanied by a shifting of a back-bond-
derived surface state. The high-temperature12-1X 1 transition is apparent in the discontinuity in the
measured emission intensity of both a bulk and a surface electronic state. A further discontinuity occurs in both
of these features and of the Fermi level intensity at higher temperature, approximately 1075 K, indicating the
presence of a further reversible phase transition whose nature is disd&3£63-182608)02404-1

Evidence of surface phase transitions as a function oflispersions measuréd?#?%2%0ne photoemission study con-
temperature can be obtained from both core-level andentrated on the angular and temperature dependence of a
valence-band photoemission. Surface core-level shifts arsurface state in the range 77—-5033€° A state overlapping
widely used to deduce the number of distinct geometricathe Fermi level at room temperature moved 0.15 eV to
identities of an atomic species and their relative populationdigher binding energy at the metal-to-insulator transition at
on a reconstructed surface. Appropriately selected exper220 K accompanied by a change of surface symmetry from
mental geometries and photon energies can be used to eBx 1 to c(4Xx 2). A further study® of the temperature evo-
hance the surface sensitivity of the measurements. Exampldstion of the core and valence states provided some evidence
of this methodology applied to elemental semiconductor suref changes in the @ line shape on going from liquid nitro-
faces include studies of @il1),)™* Geg111)°>*  gentemperature to room temperature. Additionally, at higher
Si(100),*1" and G&100).8-2! Complementary information temperature, a rigid shift in the center of mass of thke 3
can be extracted from valence-band spectra collected at highevels was observed, but not commented-bn.
symmetry points in the surface Brillouin zone. Dispersion or  The basic building block of the G&00 surface is the
its absence as a function of photon energy and angle of eleasymmetric dimef® A reversible 2<1—1X 1 transition at
tron emission and sensitivity to contamination may be use®55 K was discovered using surface x-ray diffraction, while
to distinguish between surface- and bulk-derived states, abn the basis of the same diffraction data, a further irrevers-
though this is often far from straightforward. Theoretical in-ible transition was supposed to occur at 1023'Kt was
put is essential. Indicators of surface phase transitions isuggested that dimer breakup and adatom and vacancy pro-
valence-band spectra include shifts and changes in intensitiferation accounted for these transitions, but core-level pho-
as a function of temperature. toemission measurements at high temperature seem to dem-

In the case of GE00), both the core levelé?*and va-  onstrate that dimers are conserved up to 1143 K at least,
lence band® % have already attracted both experimentalcontradicting this hypothesiS.Furthermore, a He atom scat-
and theoretical attention. On&fwo,1%?°and latterly thre€  tering study failed to find these transitiotfsDimer dynam-
surfaces components have been used in the interpretation ig§, the flip-flop and twist motion of dimers, has been used to
the 3d core-level spectra. Bulk and surface contributions toexplain many observations of the geometrically and elec-
the valence-band spectra have been distinguished and thefonically similar S{100) surface as the temperature is
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FIG. 1. Normal-emission photoelectron spectra of(156€) Ge(100) "-,~"“"‘ ste
taken with a photon energy of 32 eV taken at room temperdtire | ITN R Lt
and 200 K(b). The low-temperature spectrum has been shifted by 5 4 3 2 1 0o -
0.1 eV so that the bulk-derived peaks coincide. Binding energy (eV)
increased? In this picture, thee(4X 2) structure has asmall ~ FIG. 2. Normal-emission photoelectron spectra of (156)

amount of flip-flop and twist motion, the>21 structure is  taken with a photon energy of 32 eV taken between 513 and 1173 K
characterized by dimer disorder, and the& 1 phase is char- at the temperatures indicated. The data have been normalized to the
acterized by a large fraction of “instantaneously symmetric” beam flux, and there is a constant offset between the spectra.
dimers, giving rise to an altered optical response. At higher
temperatures, further transitions can include dimer breakupransitions which have a high probability at this photon
as previously suggested and or surface melting, as occurs @mergy?® The peak at 1.4 eV is due to back bond emission
Ge(111) (Refs. 13, 14, and 34—3@nd which is believed to  and is confined to the second and third surface lasfeFs-
occur on S(100.*' nally, at 3.25 eV, there is emission from bands of the bulk
In this work, we present normal-emission valence-bancklectronic structuré? With these assignments in mind, we
spectra of GELO0) taken at a photon energy of 32 eV as ashall discuss the data as a function of temperature. The 200
function of temperature from below room temperature toK spectrum has been shifted by 0.1 eV to lower binding
1173 K. The shift of a back-bond-derived surface state orenergy so that the bulk-derived peaks coincide. At low tem-
going from below room temperature to room temperature iperature, there are peaks at 0.4, 1.2, and 3.25 eV, and at
associated with the(4x2)—2X1 phase transition. A dis- room temperature, their positions are 0.4, 1.4, and 3.25 eV,
continuity in the attenuation of a surface and a bulk stateespectively, the back-bond-derived surface peak having in-
near to 955 K is associated with the high-temperature Zreased its binding energy by 0.2 eV.
X1—1X1 transition. A further discontinuity of these fea-  Figure 2 shows a series of spectra taken at temperatures
tures and of the spectral intensity at the Fermi level providesrom room temperature to 1173 K; the presented data are
evidence of another phase transition taking place at highmormalized to the beam flux. Each of the three features is
temperature £ 1075 K). All this behavior is reversible with broadened with temperature, and the one at 0.4 eV above
temperature. 650 K is visible as a shoulder up to 1000 K. The temperature
Measurements were carried out at the undulator beam lindependence of the emission intensities at-08 and 3.25
SU6 of the Super-ACO storage ring at the Laboratoire pour-0.3 eV and of the Fermi level (80.06 eV) are plotted in
I'Utilisation du Rayonnement Electromadiwtie (LURE), Fig. 3(@), where the data have been normalized to the emis-
Orsay, France. Samples were cut fromratype, Sb-doped sion intensity at 0.7 0.3 eV, and in Fig. @), where the data
Ge(100 wafer (p=0.1Q cm). Sample preparation and ex- have been normalized to the beam flux. In Figa)3the
perimental procedure are as described elsewleil.mea-  peaks are seen to lose intensity until 979 K, to remain ap-
surements were carried out at a photon energy of 32 eV anproximately constant until 1075 K, and to lose intensity
angle of incidence of 45°, and normally emitted electronsagain thereafter. The same trends are observed if, instead of
were analyzed by a VSW HA 50 angle-resolving hemi-comparing areas, point intensities at 1.4 and 3.25 eV are
spherical analyzer with an acceptance angle of 1°. The ovecompared to the point intensity at 0.7 dindicating that
all resolution as determined by measurement of the Fernthermal broadening does not effect the measured yatioi
level (Eg) of a piece of copper was 0.16 eV. In the following the background window used in the normalization procedure
binding energies are referenced to the Fermi ldyel is located either between the back bond and the 3.25 eV state
Low-temperature, approximately 200 K, and room-or beyond the 3.25 eV peak. The actual window used was
temperature normal-emission valence-band spectra taken athosen so as to minimize the effects of small changes in
photon energy of 32 eV are shown in Fig. 1. Four featuredackground with temperature which are smallest at low bind-
are present in the valence-band spectra. At the Fermi levéhg energy. This is important in our case, as only a constant
there is a narrow feature due to emission from dimer up atonbackground, equal to the emission intensity above the Fermi
dangling bond states, which is unresolved in our spectra level, has been subtracted from the data. The emission at the
from the emission centred at0.4 eV, which is due to direct Fermi level rises with temperature without showing the
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L e is attributed to a combination of the SPV effect acting in one
(a) 3 direction and a larger shift due to the phase transition acting
in the opposite direction. There is thus a phase-transition-
] induced shift in the position of the back-bond-derived sur-
] face state of 0.2 eV towards lower binding energy on lower-
A —n g 3 ing the temperature. A weakening and a shift of 0.15 eV
] towards higher binding energy of the dimer dangling bond
f ] surface state on lowering the temperature was observed by
O e e 0 Kevan and Stoffef? in our data, it is masked by the presence
Temperature (K) of overlapping bulk transitions. Narrowing of a surface state
at the center of the surface Brillouin zone and a reduction in
the surface state bandwidth has been observed {@0Gj*°
which undergoes the same type of phase transition.
A ] A second phase transition is evident in the discontinuity
o | ] of the attenuation of both the surface state at 1.4 eV and the
ba aj bulk one at 3.25 eV, as can be seen in Fig) and 3b). The
© A eeeg; attenuation of the bulk-derived feature is not necessarily in-
m """ - o9 . . dicative of changes in the bulk, but of changes in the surface
N r . !f_ E which affect electron transport through the surface layer and
200 800 900 1000 1100 1200 thus the way in which the bulk is perceived. It is known from
Temperature (K) surface x-ray diffraction that a phase transitioxx 2—1
X1 takes place at a temperature of 956K.3! The expla-
FIG. 3. (a) The temperature dependence of the surface stat@ation of this was dimer breakup, which, until 1023 K, is
emission at 1.4 eVtriangles and the bulk state emission at 3.25 eV reversible. This is inconsistent with the core-level results of
(circles, measured by plotting the ratio of the peak intensities up tOLeLay et al® who saw dimer numbers conserved beyond
0.3 eV either side of their respective maxima and the integrategl,ig temperature. This inconsistency may be resolved by re-
intensity between 0.4 and 1.0 eth) The temperature dependence sorting to dimer dynamics wherein dimer numbers are con-
of the surface state emission at 1.4 @gkiangles and the bulk state served although they adopt an instantaneously symmetric
emission at 3.25 e\circles, measured by plotting the ratio of the character, leading to thexl symmetry observed Again,

peak areas dfa) to the beam flux. Also shown is the behavior of the . A
Fermi level intensity measured by plotting the ratio of the emissionthe previous study followed the attenuation of both bulk

at the Fermi level (6:0.06 eV) to the beam flugsolid squares and surfape Ste}tes' at th},é point in the Surfa(fe B”lloum
zone(a point which is equivalent for both domains in the two

marked discontinuities of the other data. In Figh)3 the  domain 2<1 surface, but they did not have enough data
emission intensities as normalized to the beam flux are segwints to be able to follow it closely and so observe this
to diminish gradually up to about 950 K, to lose intensity phase transition.
more quickly until 1075 K, and then to increase thereafter. At first glance, the behavior of the emission intensity at
The emission at the Fermi level exhibits the same generahe Fermi level appears to be very peculiar; for a semicon-
behavior except for a gradual increase up to 950 K. Againguctor, a monotonic increase in metallicity with temperature
only a constant background was subtracted from the dat@nd thus in emission intensity at the Fermi level is to be
Normalization with respect to the secondary electron backexpected and has been observed fof1@#& and S{100).
ground above the Fermi level due to transitions induced byrhis apparent contradiction can be explained by examining
higher-order radiation yields the same behavior as seen ithe details of the electronic structure of symmetric and asym-
Fig. 3(b). metric dimers, particularly near thE point of the surface

At a temperature of 220 K, the GED0) surface undergoes Brillouin zone. As there is a lack of relevant calculations for
a change of surface reconstruction fra(#x 2) (below 220  Ge(100), we use calculations performed for the electronically
K) to 2x1 (above 220 K.2>% |f the surface dimers are similar Si100 surface?’*! For asymmetric dimers, there is
regarded as spin$,this can be thought of as an antiferro- a finite dimer up atom dangling bond density of stateF,at
magnetic (below 220 K to ferromagnetic transition. As which gives rise to a finite intensity at the Fermi level at
shown in Fig. 1, there were shifts of both bulk and surfaceroom temperature and this emission increases until the 2
derived states, but only the latter could be expected in &1—1X1 phase transition. TheX1 phase, however, is
surface phase transition. This may be due to the surface phoharacterized by an increasing fraction of symmetric dimers,
tovoltage(SPV) effect as has been observed fo(13il) (Ref.  but the symmetric dimer bonding band, despite being occu-
38) and S(113 (Ref. 39 surfaces at low temperature. Both pied over much of the surface Brillouin zone, is unoccupied
the size and direction of the shift are consistent with thisat and neafl’. As the temperature is increased beyond 955 K,
hypothesis. A shift of the opposite sign but the same magnithe number of symmetric dimers increases and, therefore, the
tude was seen in the core-level spectrpdfpe G€100) on  emission intensity at the Fermi level falls.
going from room to liquid-nitrogen temperature, but not Besides the aspect of working in normal emission, polar-
commented on? again consistent with the earlier work on ization effects may also contribute to the unexpected weak-
Si. In our spectra, therefore, the shifts of 0.1 eV of the bulk-ness of the intensity at the Fermi level. In our experimental
derived stateg0.4 and 3.5 eV are attributed to the SPV geometry, transitions from states wiph symmetry are sup-
effect, while the shift of the back-bond-derived surface statgressed. The dangling bond emission of both the symmetric
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dimers and of the same atoms of the unreconstructed surfastowly with temperature. The second possibility, dimer
is not expected to be visible in our data. Due to the distortiorbreakup with adatom and vacancy proliferation, cannot be
of the asymmetric dimer configuration, though, some dimeiscounted, however, because the persistence of both the
up atom emission is expected. This provides a second reaseiilk state and the surface back bond state is also compatible
for the fall in emission intensity across th&2—1x1 tran-  with this model. Valence-band photoemission at this final
sition. state energy probes too many atomic layers to be able to
A second discontinuity in the data of FiggaBand 3b) is distinguish between the possible mechanisms.
evidence of a further reversible phase transition having taken Comparing other elemental semiconductors, though, fa-
place close to 1075 K. Dimers having been conserved Uggrs the surface-melting hypothesis, as(Q3d) is known
until 955 K and beyond, further phase transitions involve thgg undergo surface melting close to the same tempera-
possibility of dimer breakup and adatom and vacancy prolif,,gl3.14.34-365 0 the comparable @00 surface is also be-
eration, as originally proposed for the 955 K transition, - jieved to undergo surface meltif§.Complementary mea-
and/or surface melting which occurs on (G&1) at close to  gyrements, however, are required to properly distinguish be-
the same temperature as we observe our final phasgeen the two.
transitiort>*43*"and which is believed to occur on the  y/alence-band photoemission at a photon energy of 32 eV
structurally similar 1100 surfac_e3.’7 _ _ has been carried out on the @60 surface across the
Johnsoret al**in their x-ray-diffraction study saw a final ¢(4x2)—2x1 low-temperature and thex2l—1x1 high-
phase transition at 1023 K, while LeLast al™ failed to  temperature surface phase transitions. Clear evidence is seen
find evidence of transitions up to a reported temperature ofor poth of these transitions and of a further reversible tran-
1143 K. sition at a temperature close to 1075 K whose nature is not

~ Surface melting of a semiconductor is accompanied by agertain, although for systematic reasons, surface melting is
increase in the density of states at the Fermi level as liquiggygred.

germanium is a conductdeven though GA00 is already

metallic at room temperatufeand we see just such an in-  This work was supported by the Human Capital and Mo-
crease in Fermi level intensity in Fig.t8. For the same bility Programme of the European Union under Contract No.
reasons as outlined previously, this intensity increases onlfRBCHRXCT940563.

23], G. Nelsoret al,, Surf. Sci.131, 290(1983.
24T, C. Hsieh, T. Miller, and T.-C. Chiang, Phys. Rev.3B, 7005

1C. J. Karlssoret al, Phys. Rev. B50, 5767(1994.
2G. LeLayet al, Phys. Rev. B50, 14 277(1994.

3J. J. Paggett al, Phys. Rev. B50, 18 686(1994.

4S. Vandreet al, Surf. Sci.377/379 283(1997).

5D. Rich, H. Miller, and T.-C. Chiang, Phys. Rev. Le@0, 357
(1992.

R. D. Schnellet al, Phys. Rev. B32, 8052(1985.

7J. Aarts, A. J. Hoeven, and P. K. Larsen, Phys. Re®8B3925
(1988.

8K. Hrcovini et al, Phys. Rev. B41, 1258(1990.

SL. Patthey, E. L. Bullock, and K. Hrcovini, Surf. S@69/270 28
(1992.

10G, Gahelid et al, Phys. Rev. B48, 2012(1993.

1M, T. Siegeret al, Phys. Rev. Lett73, 3117(1994.

12y, R. Dhanaket al, J. Electron Spectrosc. Relat. Phen@®,. 45
(1996.

13A. Santoniet al, Europhys. Lett34, 275(1996.

1A, Goldoniet al, Surf. Sci.382 336(1997).

1SE. J. Himpselet al, Phys. Rev. Lett45, 1112(1980.

186G, K. Wertheimet al, Phys. Rev. Lett67, 120(199J.

YE. Landemarlet al, Phys. Rev. Lett69, 1588(1993.

8T Miller, E. Rosenwinkel, and T. C. Chiang, Solid State Com-

mun. 47, 935(1983.
19G. LeLayet al, Phys. Rev. B45, 6692(1992.
20R. Caoet al, Phys. Rev. B45, 13 749(1992.
2IA. Goldoniet al, Phys. Rev. B54, 11 340(1996.
223. G. Nelsoret al, Phys. Rev. B27, 3924(1983.

(1984).

253, D. Kevan and N. G. Stoffel, Phys. Rev. L8, 702 (1984).

263, D. Kevan, Phys. Rev. B2, 2344(1985.

273. Pollmann, P. Krger, and A. Mazur, J. Vac. Sci. Technol. 5
945 (1987).

2E, Landemarlet al, Surf. Sci. Lett.236, L359 (1990.

2L Kipp, R. Manzke, and M. Skibowski, Solid State Comm@a,
603 (1995.

303, Ihmet al, Phys. Rev. Lett58, 1872(1979.

3IA. D. Johnsoret al, Phys. Rev. B44, 1134(1991).

32C. A. Meli and E. F. Greene, J. Chem. Phg81, 7139(1994.

33, Gavioli M. G. Betti, and C. Mariani, Phys. Rev. Le#7, 3873
(1996.

34A. W. Danier van der Gomt al, Surf. Sci.241, 335 (199)).

35T, T. Tranet al, Surf. Sci.281, 270(1993.

363, Modestiet al, Phys. Rev. Lett73, 1951 (1994.

37). Fraxedas, S. Ferrer, and F. Comin, Europhys. [28t.119
(1994.

383, E. Demuthet al, Phys. Rev. Lett56, 1408(1986.

39K, Jacobi, U. Myler, and P. Althainz, Phys. Rev., 10 721
(1990.

40y, Enta, S. Suzuki, and S. Kono, Phys. Rev. L& 2704
(1990.

4IM. Rohlfing, P. Kriger, and J. Pollmann, Phys. Rev5g, 13 753
(1995.



