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The electronic structure of Pb/@e1) has been probed along the temperature-induced phase transition
— /3% /3R30°=3x 3 using angle-resolved photoemission. The 3% \/3R30° phase is metallic due to
the existence of a half-filled, dispersing surface band. TR& Phase is characterized by the appearance of an
additional surface band with>33 periodicity, whose role in the phase transition is discussed. The Fermi-
surface topology of the:— 3 3R30° phase has been probed using angle-resolved photoemission. Its shape
is undulated, and it resembles strongly the theoretical prediction, with a Fermi momentum of 034alofg

I'K directions and 0.40 A! alongI'M directions. These values were determined from different experimental
methods, and agree with the values needed for a perfe8t Besting. However, the Fermi surface exhibits no
large flat areas suitable for electronic nesting.

[S0163-18298)03520-9

. INTRODUCTION the a— /3-Pb/Ge(111) phase using angle-resolved photo-
emission. In the case of bulk materials, FS topology can be
In a wide range of low-dimensional systems a chargestudied using different techniqués.g., de Haas—van Alphen
density waveCDW) is stabilized at low temperaturé$The  effech. In contrast, the investigation of the FS of systems
origin of the CDW phase transition in a metal lies in anwith reduced dimensionality is easily performed using angle-
instability of the Fermi surfacéS), which involves a strong resolved ultraviolet photoemissiofARUPS.>18-20 This
electron-phonon interactior® A CDW is stabilized when- technique directly probes the electronic states at the Fermi
ever sizable nesting between flat areas of the FS is poSsibleenergy €g) with momentum resolution, and thus it allows
In this case, the symmetry of the new unit cell is determinecPne to obtain a full plot of the FS and the valuekgf. Our
by the nesting vector, which is equal to twice the Fermiresults show that at RT, the FS of the metatlie 3 struc-
momentum Kkg). In fact, most of the peculiar properties of ture presents an undulated shape that agrees well with theo-
CDW materials are related to the topology of their FS's. Inretical prediction$? The value ofkg along 'K and I'M
addition to bulk CDW materials, the formation of a surfacedirections was precisely determined using three different
CDW has been proposed in a variety of surface sysfems, methods. The values found are compatible with-a33nest-

: : 6-10 : 11
including W, and alkali metals on Qa11).™ Recently, ing alongI'K directions. However, the FS does not present a

Carpinelliet al."” have reported conclusive scanning tunnek-jare nesting along these directions, since there are no flat
ing microscopy(STM) and low-energy electron diffraction 5reas connected byk? vectors.

(LEED) results, which show a surface phase transition from op the other hand, Carpinelit al'? found that the 3

the room-temperatur¢300 K, RT) a—3x\3R30°-Pb/ x3 phase was semiconducting, a result that could not be
Ge(111) phadé’ (in the following @—/3) to a 3x3  explained by theoretical calculations in the local-density ap-
structure at low temperatuf@00 K, LT). They proposed that proximation(LDA), and was attributed to electron correla-
the structural phase transition is due to the stabilization of @ion effects in the low-temperatufeéT) phase. Goldoni, Ce-
surface CDW. The origin of the CDW would lie in the exis- pek, and Modestt have recently detected the band gap
tence of suitable 3 nesting vectors in the— /3 Fermi  opening at low temperature using angle-resolved photoemis-
surface(see below and Ref. 12 sion, but they could not find any dispersing surface-state
We set out in this work to investigate the FS topology ofband crossingeg. This is an important requirement in the
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model exposed above for the transition, and is also expected
from theoretical calculation€:?? In fact, the metallic char-
acter of thea— /3 phase is due to the existence of a half-
filled surface-state bahtl (see also beloyw In an effort to
understand the nature of both RT and LT phases, we have
analyzed the electronic band structure of both phases. We
show that thea— /3 phase presents a dispersing surface
band that crossdsg, and explains the metallic character of
this phase. In a simple band picture, the nex3 periodic-

ity formed at LT should produce band folding. These kinds
of effects are indeed observed, but in addition to them sev-
eral other striking changes take place in the vicinityEgf.

First, a new surface band withx33 periodicity is observed

at LT close toEg . Concomitantly with the phase transition
and the opening of a pseudog&p?3a narrow peak close

to Ex appears. We interpret this peak as a result of partial
electron localization. . All these features of th& 3 recon-
struction are reversible with temperature, and evidence
strong modifications in the two-dimensional electronic struc-
ture of Pb/GéL11) along the phase transition.

Il. EXPERIMENT

Th . i ¢ di itrahiah FIG. 1. Top: schematic representation of #he \3 (A) and 3
€ experiments were periormed In an uitrahig vacuurrks (B) unit cells. Open circles, Ge atoms. All dark circles corre-

(l-.JHV) chamber(bage press.ure:>5.10’11 mbar) equped. spond to equivalent Pb atoms in the- 3 reconstruction. The
with an angle-resolving hemispherical analyzer mounted in jferent shading patterns denote a possible inequivalence to pro-
UHV goniometer and a high-precision manipulator that peruce a LT 3<3 phase. Bottom: reciprocal space of both structures
mits rotation in the full 360° azimuthal emission angte)(  (a— /3, bold lines; 3< 3, thin lines.

and 90° polar emission angle, relative to the surface normal

(6). We measured conventional angle-resolved energy®? o= 1ML as an amount of atoms equal to the(GE) sur-
distribution curves, but photoelectron intensities were alsd2ce density (7.2% 10" atoms/crf).

monitored in a fgll 2rr sr solid angle by fixing a kinetic lll. THE a— 3 PHASE: RESULTS AND DISCUSSION
energy for detection in the electron analyzer, defined as ab-

solute counts above zero level. The sample was then rotated The a—+/3 phase of Pb/G&11) corresponds to occupa-
around its normal in the azimuthal direction and the photofion of T, sites of the GE1l) surface bys ML Pb
electron intensity was recorded every 1° at fixgdvith an ~ aloms™ "*""(see Fig. 1 This phase reverts 1083 at
absolute angular precision of 0.5° for bothand ®. The LT.** A 3X 3 superstructure could be achieved after a small

relative values o were monitored from the reading of the collective distortion of Pb atoms, as illustrated in Figiske
analyzer goniometer, since the surface normal direction wa%lso Ref. 12 For coverages beloy ML, the existence of a

; ) . "“Mosaic phase has been report&® In this phase the miss-
kept constant during the experimeftonstant polarization ing Pb atoms to complete am— 3 reconstruction are re-

vector, angle of incidenc_e of light: {15°). The_ absol_ute values laced by intermixed Ge atord&The formation of the mo-

of both angles were calibrated using the d_lspersmn of boﬂ[éjaic phase gives rise to distinct features in the valence
bulk Ge(111) and surfacer— y3 peaks. In this way we map pang?8.30 |ntermixed Ge adatoms have been observed by
a constant energy contour that coincides with the FS if thesTn in a rather wide range of coveraf&?® We have found
right kinetic energy is selectedee also beloy The overall  that the process of intermixing between Ge and Pb is facili-
energetic resolution was 100 meV lay=32 eV.Er was  tated when Pb is evaporated at RT or above. In this work, Pb
measured from a Ta foil in electrical contact with the samplewas evaporated at LT, and later on heated up to RT. In these
and close to it. The sample work function was measured¢onditions the characteristic features of the mosaic phase
from the low-energy cutoff in the photoemission spectra. Thavere not observed in photoemission, and we believe that
experiments were performed using synchrotron light fromlarger-sizeda— /3 domains of higher perfection are grown
the SU6 beamline of the Super-Aco storage ring in Orsay aby this method, probably because Ge intermixing is
the Spanish-French station. In all experiments, d1G8 hindered®*

sample was sputtered with Ar and heated up to 650°C for The a— /3 phase presents two sets of surface b&hds.
several minutes by resistive heating, and then cooled dowmhe lower surface ban8, at ~1 eV binding energyBE)

to RT slowly in order to get a clean Ge(1t{2x8) sur- [see Fig. 2(left)] comes from Pb backbondingmainly
face. Pb coverage®p,, accuracy=10%) was measured throughp,, p, orbitals with substrate dangling bonds. The
with a quartz microbalance and cross checked by a quantitatpper surface ban8, has a stronger Pb, character. The
tive comparison of Pb&and Ge 3 core level$* We define  spectra shown in Fig. 2 demonstrate that both surface bands
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FIG. 2. Selected photoemission spectra as a function of emis-
sion angle along thEK direction (hv=32 eV) at RT(left) and LT FIG. 3. Top: Binding energy fror&r vs parallel momentum for
T the surface bands closer to the Fermi energy indhe\/3 phase.
The continuous line is a guide to the view. The unshaded area
corresponds to the gap projected by bulk Ge bands. Bottom: as
panel(a) for the 3x 3 phase. Dashed lines indicate areas where the
are dispersing, indicating long-range order in the surfacegxpected X3 folding is not observed. Symmetry points of the
and a significant degree of delocalization in the valence- 3 (3x3) phase are shown in the uppiéowen axis. Note the
electrons:*?*323A simple electron counting shows that the pand splitting around th points at LT.
number of valence electrons in the— /3 unit cell (7) is
odd. Thus,S; is half-filled and the surface should be metal- -
lic. Figure 3(top) shows the dependence of BE versus par-I'M andI'K directions demonstrate that the FS is undulated,
allel momentum along th&K direction of the surface Bril- with a largerkg along thel’'M directions. A secondary maxi-
louin zone at RTS, has a minimum BE at thK points and B d
disperses towardgg when going away from th& points

WAVE VECTOR

(right). The angular range corresponds to the area betWggand
Ks in Fig. 1.

mum is found along th&€K directions at~1.8 A~ (which

_ : _ coincides withl'y;).7
towards thel’ points. The peak is observed only in part of  rigyre 5 displays the dispersion of the surface band ver-
the Brillouin zone, suggesting that it cros$gs between the

sus parallel momentum along tH&K direction. The data
points have been fitted using a parabola, which reproduces
quite well the shape of the dispersion curve, including the

I' andK points, and also between the andM points (see
also below, and Ref. 32 Figure 4 (top panelg shows in
more detail the dispersion & nearEg.3* Note that as the
surface band disperses througp, the intensity detected at Minimum of the BE around points. From this fit we deter-
E. diminishes accordingly. This photoelectron intensity canmine a mean value fokg of 1.51+0.02 A~*, which gives
thus be used to monitor the crossing proce$s:®*°Figure 4  0.30+0.02 A~ reduced to the first Brillouin zone. In a pre-
(bottom panelsshows the intensity integrated in the window vious publication, Carpinelliet al'* have shown first-
betweenEr—0.05 eV andEr+0.05 eV as a function of principles density-functional calculations within the local-
parallel momentumlq‘).36 The data points correspond to the density approximation for the dispersion & in the «
spectra shown above. The symmetry points of the 3  —/3 phasé? Our experimental data at RT are in good
surface Brillouin zone have been marked. The larger maximagreement with their theoretical calculations. The dispersion
of the intensity are usually attributed to band crossSimgd  of S, agrees also well with other density-functional theory
thus they determine the value kf . From this plot we ob- calculations for this surfacé. We conclude that the elec-
tain values for the crossing point of 1.478.03 A™* and  tronjc band structure of the— y3 phase is well explained
2.15-0.03 A1 along'K. From these values a me&g  Wwithin one-electron theories. These results agree well with
(reduced to the first Brillouin zoneof 0.34+0.03 A~ is  previous experimental evidené®but disagree with more
obtained. A similar analysis along tH&M direction shows ecent results; where no dispersing surface bands were
that the distance between symmetric maxima is 0.25t A found. The lack of dispersion was attributed to inadequacies
(Fig. 4). ke (reduced to the first Brillouin zoneis 0.40 of the LDA approximation to describe the— 3 phase. We
+0.03 A 1. The error bars were estimated considering bottspeculate that the different surface preparation method em-
the goniometer accuracy and the error in determining th¢loyed in Ref. 21(Pb deposition at elevated temperajure
crossing point from Fig. 4. The different values along themight give rise to smallek/3 domains due to Ge intermix-
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FIG. 4. Top panels: photoemission spectra taken with

=32 eV (incidence angle of light 45°) vs emission anglalong ~ Which can be affected by the experimental resolution. It in-

volves the calculation of the gradient of the FS image,
the 'K direction (left) and thel'M direction (right). Note in both 9 9

cases the dispersion of the surface band marked with ticks. BottorrL:kaW(km: This _procedur.e_produce.s two ma;(;ma out of
intensity in a window of 0.1 eV aroun&r measured from the each maximum in the original FS [magﬂ(ku)- It was

. S found that, out of the two maxima of the gradient
spectra shown in the upper pandl{ and I'M directiong. The v k)|, th th ied side of the band
main maxima(bold lines correspond to crossing &g, and are k\\w( )1, the one on the unoccupied side of the ba
used to determine the value kf . crossingEg accurately reflects the value & . In order to
analyze our experimental FS image by this method, we ob-
tained the gradient of the FS image. This is displayed in Fig.

ing, and thus to a decrease of the long-range order otrthe ) ) o ) ]
— /3 phase. 7_(top). The intensity along severdlK directions in the first
Figure 6(top) shows the distribution in reciprocal space (I'q(K;) and third ["1;K3, I'1;K,) Brillouin zones is shown
of the photoelectron intensity &, and is a graphical two- in the lower panel of Fig. 7. The maxima of the unoccupied
dimensional image of the F&38 This view is specially side at~0.3 A~ correspond tds. The mean value ob-
simple in a two-dimensional system as Pb(Gd), since the tained from this figure i%-=0.30=0.03 A™*, which coin-
FS is in fact a line:*2'8 Figure 6 (bottom is a schematic cides withM 3,5 (dashed ling The inner contour in Fig. 7
representation of the theoretical FS topology from the calcu¢top) directly reflects the Fermi line. We note that this kind
lation by Carpinelliet al'®> For an easier comparison with of analysis(which relateskg to the maximum in the gradient
the experiment, the unoccupied side of the FS has beemather than in the direct intensjtyvould equally apply to the
shaded. The experimental FS presents an undulated shapkata shown in Fig. 4. If the gradient maxima are used instead

with a ke larger along thd'M directions than alongK, in ~ Of the intensity “maxima, also a value ofke

agreement with theoretical predictiotfsand the results ex- =0.30+0.03 A~ is obtained from Fig. 4.

posed above. This is evidenced by the wavy aspect of the We conclude that the values kf obtained from the FS

inner and outer parts of the intensity around the fisst iMage (intensity plo} are slightly larger than the values

— /3 Brillouin zone in Fig. 6(top). needed for a perfect’83 nesting, but the difference is com-
The analysis of FS images as obtained by ARUPS haRatible with the experimental accuracy. When the gradient

been studied in detail recently by Stragbal 3 The method maxima or the surface band dispersion are used, we find a
used to obtain an image like Fig. 6 involves selecting anerY 90od agreement with X33 nesting. Thus, results for

energy window aroun, . The intensity in this window is the band structure of the RZ— /3 phase and thkr value
represented as a function of parallel momeniqrﬁfunction along theI'K directions agree well with the calculations
w(k))]in Fig. 6. Strautet al* have analyzed how the width shown in Ref. 12. Also, the FS shape found agrees within
of the energetic windowusually limited by the experimental experimental accuracy with theoretical calculatiGhsiow-
resolution affects the FS image obtained. A method wasever, the undulated shape of the experimental FS prevents a
proposed to extract from the image the corrkgtvalues, large nesting along any direction. In particular, the nesting
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FIG. 6. (Color) Top: Fermi surface of thec— 3 phase. The
intensity atEr has been converted in a color scale, where lighter . larad Intl
color denotes a higher intensity. The Brillouin zones appear in dif- Cra el 1' . ?FE: ,ntl L
ferent colors: yellow (X 1), green ¢— +3), and dashed (83).
In order to show the whole dynamic range of the image, only the 00 02 04 06 08
data within the yellow hexagon (41 Brillouin zone are scaled. 1
Bottom: schematic representation of the theoretigal 3 Fermi Wave vector ( A }

surface(bold contoursin a scale comparable to the top panel. The
unshaded area corresponds to occupied states, the only ones ob-
served in the experimerttight areas in top pangl1x1, a—+3,
and 3x 3 Brillouin zones are in the same scale as top panel.

FIG. 7. (Color) Top: gradient of the Fermi surface from Fig. 6.
All other details as in Fig. 6. Bottom: intensity vs parallel momen-

tum taken from the top panel along several differEHt directions

in the first (FOOKl) and third Brillouin zones](lle I';;Ky). The
vectors along thé'K directions connect only a reduced per- maxima at~0.3 A~! wave vector reflect the crossing point of a
centage of the FS electron density. In short, whilké3vec-  band(Fermi momentunkg). The intensity along the same direction
tors join areas of the FS, these areas do not seem to overlag measured from Fig. @ontinuous linesis shown for compari-
to a large extent, because the undulated shape found reducsgs.
the percentage of nested electrons. It might be argued that
this percentage could be enough to drive the transition, bulaMosO;; and KMa;0;7.3° On the other hand, the STM
this disagrees with the experience accumulated from othepictures shown in Ref. 12 strongly support the CDW nature
CDW materials, where the condition of significant nesting inof the phase transition. These discrepancies require an inves-
the FS was always fulfile# We may recall the case of tigation of the electronic band structure of th& 3 phase, in
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FIG. 8. Detailed view of the band splitting observed around the

K, point in the 3<3 phase(spectra at 26.5° emission angland
appearance of a new band closeBp (spectra at 25.5° emission
angle. The Fermi level from the Ta show(iottom spectrumal-

N
1

lows us to estimate the experimental resolution. My T
-2.0 -1.0 0.0 1.0 -1.0 0.0 1.0

order to test the LDA predictioh$ and the nature of the BINDING ENERGY (eV)

bands at LT.

FIG. 9. Photoemission spectra as a function of emission angle
IV. 3 x3 PHASE: RESULTS AND DISCUSSION along thel'K direction (v=32 eV) at RT(left) and LT (right).

As the temperature decreases the LEED pattern reverts {Tﬁ)? e data correspond to the angular range ardénaNote the split-
. . - . gofS,atLT.
3% 3. The formation of a different reconstruction with a

larger surface unit cell produces a different surface electron K direction (see Fig. 3, bottoim The appearance of the

band structure. The simplest approach to obtain the NeWaw band is also shown in Fig. 8, spectra at 25.5° emission
band structure is to fold the bands over the 3 unit cell, as ) — '
angle, which correspond 0, for ~0.2 eV BE. The spectra

shown in Ref. 12. Along th&€K direction from Fig. 1fand ) i
- . = . . — corresponding to this angular range aroufg are repro-
K points becomd 3.3 points, while theM points and the 4 caq'in more detalil (1° stepén Fig. 9, where the band

po!nts halfway between thE andK 'points.becomd\/lgw splitting can be monitored over a wider range aroﬁp
p0|nts(§ee also upper and lower axis of '.:!g' oncerning The band found is not predicted in density-functional
SZ,_foIdmg effects should produce an additional surface ban(ti.alculationéz which, on the other hand, reproduce quite

atI'y;, which becomes equivalent #,. This band is not well the electronic band structure of the— |3 phase, as
observed in the experiment, probably because of the smallghown before. One possible explanation for this new surface
bulk band gap at this reciprocal space point. ABo when  band found could be a partial occupation of @nitially)
folded over the X 3 cell, should produce an additional band unoccupied band. The first empty bahdies indeed very

atl’y;. This iiindeed observed as a faint feature-&9 eV  close toEg both at thel'5, 3 andM 3, 5 points. However, the

BE close tol'y;, but only for the upper branch of th®,  dispersion observed in the experiment does not agree with
-~ . the di i ted for the first ty band, and th
band. Thus, note that the peak at 1.2 eV BH'ipy is not © dispersion expected for the 1irst empty band, and the hew

affected by the phase transition. Since the symmetry of bot;[ﬁ#rfacef band fOlf[ndbiSHgC'JAt seen aclijMq,'b?s explectetq for
the upper and lower branches $f at theM ; points at RT is © suriace emply band.A second possible explanation 1s

not necessarily the same, the bulk bands may mix more efhat the two quasidegenerate bands predicted along khe
ficiently with one of them. An additional interesting feature directions? present a much higher splitting than predicted, or

of S, is the following: the twoS, branches are degenerate at that they are split due to other kinds of effects. In any case,
— — the conclusion is that existing LDA calculations for the 3

X 3 phase do not explain the bands found at LT. Taking into
Saccount the difficulty of LDA to account for electron-
electron interactiongexchange-correlation enengythis re-
K, is shown in Fig. 8, spectra at 26.5° emission angle.  sult could be an indication of the important role played by
Additional important effects are observed at LT. A newthese effects in the explanation of the electronic properties
dispersing surface bar(@ith minima atF3X3 pointg is de-  found at LT. Alternatively, an incorrect structure would have
tected at LT in the vicinity oEx (compare upper and lower & drastic effect on the calculated band structure, and could
panels of Fig. 3 The new band approximately reproduces?@ls0 be behind the disagreement found. Thus, a final answer

the dispersion 08,, but is shifted to lower BE by-0.2 ey t0 the origin of the splitting can be found only when the
= atomic structure of the LT phase is knowhHowever, the

data exhibit features that deserve some comments. We note
and it is observed in three differelt;, ;3 points along the that RT spectra from Fig. 8 show rather broad peaks. Both

RT in theK; andK, points(Fig. 3, top. The degeneracy is
lifted at LT, when a band gap opens in these two point
(compare upper and lower panels of Fig. Bhe splitting at

at thel'5, 5 points. It exhibits an otﬂious 383 periodicity,
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itself to produce a narrow peak at 0.1 eV B&ee Fig. 1D
This effect is observed with high intensity in the vicinity of

theF11 point (spectrum at 42.5° emission angle in Fig).10
The width of the peak, much smaller than any other feature

INTENSITY (arb. units)

P observed at this interfaggompare for instance with Fig. 8,
RT "m‘“\”\ bottom), suggests that it is related to localized electrons in a
425 . .
state where fluctuations are considerably reduced, probably
\‘;2 because of the wave-function symmetrylat,. This peak
. 2'0‘ — 1'0' : .00. occurs exclusively in the 83 phase, and is observed in a

fully reversible way when the phase transition is crossed
upon decreasing the temperature. The simplest explanation is
that the charge transfer giving rise to the new periodicity
FIG. 10. Valence-band spectra taken at RT and LT around théOUl’ld at LT is related with a partial electron localization.
I',, point, corresponding to the— 3 and the X 3 phases, respec- D€localized electrons in the— V3 phase become partly lo-
tively. A narrow, intense peak appears close to the Fermi level a§alized at LT in a state where exchange-correlation effects

the 3X 3 phase is stabilized.

BINDING ENERGY (eV)

are enhanced. In this case the narrow peaKjatcould re-
flect the formation of a lower Hubbard band.

the band found in the vicinity dE and the splitting of5; at

theEpoints are detected as shoulders in the LT peaks. This i
is not an effect of the experimental resolutitsee also be- We conclude that ther— {3 reconstruction presents a

low, and the Fermi level from Ta shown in Fig. 8, bottpii bgnd structure vyith dispgrging surface peaks, in. agreement
rather reflects an intrinsic width of the peaks. If we acceptVith LDA theoretical predictions. The phase transition to the
that the phase transition involves some kind of temperature3 X3 ph_ase takes place concomltantly with changes in the
driven buckling of the Pb atoms to form &3 structure, the electronic band structure. Band foldlng_ effects are also ob-
temperature-dependent splitting could be interpreted in th&€rved at the precise regions of the reciprocal space that cor-
way proposed in Ref. 40 for the valence band and Ref. 41 foféSpond to the 33 periodicity. The observation of a band
the core levels of similar\/§ structures, i.e., as a conse- ﬂ)llttmg at LT giving rise to dispersing bands centered at the
guence of the existence of two kinds of Pb atoms, whosé 3«3 points indicates that electronic states involved in the
vibrational movement is stabilized at LT. The broader struc4ransition are delocalized. A possible structural origin for the
ture found at RT would reflect the envelope between thesplitting is proposed. Finally, the appearance of a different
different contributions coming from the vibrational move- surface band with a:8 3 periodicity is of relevance in order
ment of Pb atoms, which would be frozen at LT. This pos-to understand the role of Fermi-surface nesting in the transi-
sible explanation cannot be proved on the basis of the eledion. While nesting and CDW stabilization has been invoked
tronic structure data alone, and detailed information on thes the mechanisms behind the transition, in view of STM
atomic structure of the 83 phase is required. results'? the experimental Fermi surface found exhibits only
The results shown demonstrate that there is a significaritmited nested areas.
effect of the phase transition on the electronic band structure.
These results can also shed light on the role of electron-
electron interactions to stabilize the LT phase. In fact, corre-
lation effects have been invoked to explain the electron- We thank E. Tosatti, G. LeLay, and F. Flores for discus-
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