PHYSICAL REVIEW B 67, 205105 (2003

Electronic structure of a-Ga
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We have determined the electronic structure @fGa using angle-resolved photoemission from the
a-Ga010) surface. Data were collected both at 78 K and at 273 K, i.e., below and above the temperature of
the surface phase transition. We observe a number of relatively flat bands reflecting the partly covalent
character ofa-Ga. Our results agree fairly well with recent band-structure calculations.
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a-Ga is an unusual elemental solid. On one hand, it is dlat bands in good agreement with the most recent calculation
metal, albeit with a low density of states at the Fermi energyof Bernasconi and co-workérsind we are able to confirm
On the other hand, most of its properties are strikingly dif-the picture ofa-Ga as a metallic molecular crystal.
ferent from those of other metals. The crystal structure, Two truncated bulk structures are possible for the
shown in Fig. 1, is not a closed packed configuration bute-Ga010) surface, one with the dimers intact and one with
highly complicated. It is commonly described in terms of athe dimers broken. In addition to these, a third termination
face-centered orthorhombic unit cell containing eight atomdias been predicted in which the surface is reconstructed such
(space groutmcad). It can also be described as a quasihex-that it is similar to epitaxially grown Galll om-Ga'® At
agonal unit cell containing only four atoms. This quasihex-ambient temperature surface x-ray diffraction and low-
agonal character becomes particularly evident when lookingnergy electron diffractiotLEED) find the truncated-dimer
at the Brillouin zone that is also shown in Fig. 1. Each ga|-termination to be preser’ﬁalzThis is also consistent with the
lium atom has only one nearest neighbor at a bonding dissurface electronic structufé Below 232 K, the surface un-
tance of 2.44 A. In fact, the crystal may also be viewed aglergoes a reconstructive phase transition to a/2(2
having been constructed of Gdimers as elemental building X vV2)R45° structuré?****LEED finds this structure to be
blocks.

This structure, which is identical to that of the molecular [m]T
solids By, and b, suggests tha-Ga is, apart from being a (a)
metal, at least to some degree also a covalently bonded solid. /
This view is supported by several other properties, for in- /

stance, the much higher electrical and thermal conductivity
in the (010) plane(almost perpendicular to the dimgfsthe
sharp peaks in the optical reflectivity spectfuamd the low })
intensity at the Fermi level in angle-integrated
photoemissiori:* A certain degree of covalency was also e it e
found in early theoretical work® Gong and co-workers have P A
recently pointed out that a good picture of the bonding in

a-Ga is to view it as a solid which is molecular and metallic s

at the same timéThe molecular properties are related to the [010]
presence of the Gadimers, while the metallicity is present (b) 4
mainly in the so-called buckled planes that are created by the
ends of the dimers and lie in tH@®10 planes, almost per- 17
pendicular to the dimer direction. This interpretation was T \

based on the first-principles calculations of the electronic >
structure and was supported by a comparison to measured I N —» [100]
optical data. The calculated bands show a highly anisotropic X

Fermi surface, confirming earlier results, and very flat bands,
similar to “molecular orbitals” along th€010) direction, i.e.,
almost parallel to the dimers.

In this paper, we present angle-resolved photoemission FiG. 1. (a) Orthorhombic unit cell oiz-Ga. The atoms are only
data taken in normal emission from tt610 surface of  grawn in half the unit cell for clarity reasons. The lines between the
a-Gaf corresponding to thE--Z direction in the Brillouin  atoms indicate the shortest bond length in this struct(meBril-
zone and the region where the “molecular” character of thelouin zone. Note that the Brillouin zone is rotated by 90° around the
band structure should be most apparent. We find a number §610] axis with respect to the unit cell.
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quite similar to the unreconstructed truncated-dimer
surface'?

A key challenge in the preparation of clearGa surfaces
is the low melting temperature of only,,=303 K. This
calls for special care when treating the crystal during polish-
ing andin situ cleaning procedures. In particular, it is neces-
sary to insert the sample into the vacuum system via a load
lock, and it is not possible to anneal the surface to high
temperatureswith respect to the bulk Debye temperature of
320 K). Nevertheless, it is possible to obtain clean and or-
dered surfaces with very wide terracésThe a-Ga010)
crystal surface used in this experiment was the nat@)
surface of a single-crystal grown by methods published
previously'® The quality of this surface was further im-
proved by mechanically polishing the crystal to mirror finish.
After insertion into the vacuum system the surface was i2 10 8 6 4 2 0
cleaned by sputtering with 0.5-2.0 keV Nand “anneal- Binding energy (eV)
ing” between 253 K and 273 K. This procedure resulted in a o
sharp (1x 1) LEED pattern at 273 K. Every odd-integer spot FIG. 2. Two normal-em|53|on EDC's taken at a photon energy
in the [100] direction was missing, consistent with the bulk ©f 56 €V and two different temperatures. The peak labels corre-
glide-plane symmetry. Surface cleanliness was checked b3Pond o the markers in Fig. 4.
photoemission from the valence band and the @ac8re
levels. In the initial stages of cleaning, monitoring the oxy-which are usually not including the effects of finite tempera-
gen peak in the valence band proved useful. Oxygen givegure. In the present case, however, the situation is not so clear
rise to a broad peak at a binding energy of around 5.6 e\éut. The reason is the surface phase transition. Below 232 K
which does not disperse with emission angle or photon enthe structure is (22X \2)R45° and the new and shorter
ergy and is visible at all photon energies. Once this peak wasurface reciprocal-lattice vectors could lead to additional um-
not detectable any more and the Gd Spectra showed no klapp scattering, complicating the spectra. Therefore, we
indication of contamination-induced shoulders, the spectrahave collected two complete sets of data, one at 273 K and
shape of the surface state @#% was found to be a more ©One at 78 K. Figure 2 shows two representative energy dis-

sensitive measure of the surface quality. The clean surfa itf[UtiOt” g_l#ves(ltEDtCS) tak?n with X‘e same E)hé)to?henehrg);]
was found to be rather inert towards contamination. OnlyPUt at different temperatures. As - expected, € high-

when kept at 35 K for more than 1 h, additional peaks at higgmperature spectrum has a smaller peak to background ra-

binding energy were observable. We ascribe these to C 0, caused by the decrease of coherent photoemission peaks

. . t the expense of a higher incoherent backgrddnd.addi-
22;%&“?0”'75;'- Tg peaks could be removed by heating thﬁon to this the peaks appear to be slightly broader and less

well resolved. This is particularly true for the two narrow

Angle-resolved photoemission data were collected usingaarres close to the Fermi energy at binding energies of 1.0
the SGM-3 beamline at the storage ring ASTRID in Aarhus.ang 0.5 eV, The latter structure can only be seen in the low-

A detailed description of the instrument will be given temperature dataset. There appears to be almost no shift of
elsewheré® In brief, the beamline, which is receiving its the bands with temperature.
light from the undulator of ASTRID, covers an energy range  The complete low-temperature dataset is shown in Fig. 3.
from 14 eV to 140 eV with a resolving power better than EDC’s were taken in photon energy steps of 1 eV between
15000. The electron spectrometer is a commercial hemih »=22 eV and 52 eV, and 2 eV for the higher energies.
spherical analyzefVG-ARUPS10, which is mounted on a Below hv=30 eV a peak caused by the MVV Auger transi-
goniometer inside the chamber and equipped with a multition is visible at high binding energies. At all energies the
channel detector. The total-energy resolution used in thipeaks are clearly grouped into three regions with gaps be-
work was better than 150 meV. The angular resolution wasween them. The first stretches from the Fermi level to a
about=0.7°. The pressure during the experiments with syn-binding energy of 2.5 eV, the second from about 4 eV to 7.5
chrotron radiation was in the &' mbar range. All the data eV, and the third from 9 eV to 11 eV. It is also evident that
shown in this paper were measured in normal emission. Theeveral of the broader features must include more than one
light was linearly polarized in the plane of incidence andpeak, in particular, for photon energies between 30 eV and
incident 40° away of the surface normal towards [he1] 40 eV.
direction. The analysis of the data proceeds by determining the po-
In most cases, it is of an advantage to collect anglesition of the peaks and shoulders in every spectrum of the
resolved photoemission data at low temperatures. This reseries, resulting in pairs ofE;,,hv). The key problem in
duces the amount of phonon-assisted indirect transitians the present type of experiment is the nonconservatidq of
final-state effegtand the broadening of the photoemissionthe wave-vector component perpendicular to the surface.
features by phonon scatterirign initial-state effegt It also  This prevents us from a direct conversion of pais;{,hv)
facilitates the comparison to calculated band structuresp the desired band structure, i.e., pairs Bf;§,k). How-

Photoemission intensity (arb. units)
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FIG. 3. EDC's taken at 78 K in normal emission as a function of photon energy. The EDC'’s are labeled by the photon energy.

ever, the parallel component kfis conserved, and therefore (hv=37 eV) and a maximum for théi structure atk,
it can at least be stated that the initial state lies onltfe-Z =0.66 A1 (hvy=58 eV). The structures (only visible at
line of the Brillouin zone. A common way of circumventing low temperatures D, F, andG show little dispersion. Only
the problem is to simply assume a final-state dispersion, ethe structurel disperses to higher binding energies for the
ther by taking calculated final states or free-electronlike finahighest photon energiéenly taken for the sample at 273 K
states. We have attempted this by using a free-electron finajxn inspection of the calculated band structure in Th&-Z
state dispersion of the form directior? leads to the following tentative assignment of the
structures. Guided by the absolute energy position of the
bands, the binding-energy minima of t@eand E structures
(1) . i .
are assigned to thE point, whereas the maximum of thé
structure is assigned to the point. The measured binding
where E; is the final-state energy; is a reciprocal-lattice  energies at these points are in good agreement with the
vector,m* is the effective electron mass, aNg is the inner  theory: The smallest binding energy Gfis 1.35 eV and 1.4
potential. The parameters for the final state were obtained bgV for 78 K, and 273 K, respectively. The calculated band
matching a free-electron parabola to the calculated “freestructure shows three bands in this energy regiol aat
electronlike” S, bands of Bernascordt al® in an extended 0.85 eV, 1.62 eV, and 2.05 eV. The last band cannot be ob-
zone scheme. We have us&k G,,,, m*=0.95m,, and served because of its symmetgee below. It is conceivable
Vo=—11.41 eV. The resulting dispersions are displayed tothat the two remaining bands give rise to the broad structure
gether with the calculated bands in Fig. 4. visible for photon energies around 35 eV and that our peak
Several conclusions can be drawn from the figure. Firstyalue represents only the most intense feature. The minimum
we discuss what can be learned independently of the precid®nding energy for théE structure is at 3.9 eV and 3.85 eV
choice of final states, i.e., what we would have readily in-for 78 K and 273 K, respectively. This fits very well with the
ferred from a plot of the E;,,hv). The first thing is the calculated binding energy of th&, band which is 3.9 eV.
position and the width of the bands. The second is the bindFinally, the maximum in the binding energy for thkstruc-
ing energy at certain high-symmetry points that are identifiedure is 7.1 eV and 7.05 eV for 78 K and 273 K, respectively,
as extrema in the dispersion. To a lesser degree it can also beached at a photon energy of 58 eV. For higher energies, the
decided if a given peak is due to a surface state or a bulktructure appears to disperse towards the Fermi level, but it
state. A necessary condition for a peak to be a surface stateagso looses its intensity quickly. The calculated binding en-
that its binding energy does not dependlan i.e., that the ergy for this band at th& point is 7.62 eV.
peaks give rise to a flat band in a plot such as Fig. 4. If we now focus on the detailed dispersion of the experi-
Three extrema are identified in Fig. 4: a binding-energymental bands in Fig. 4 and compare them to the calculation,
minimum of the C structure at k, =0.06 A’ (h»  we find a good agreement for the position of the high-
=35 eV), a minimum for theE structure at, =0.04 A" symmetry points in the dispersion of tieandE bands. The

E¢=12(k, +G)%2m* +V,,
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seems, however, unlikely because there is no obvious candi-
date for such state. More likely is that the wealpeak is
simply hidden by the temperature-induced broadening of the
other features and the increased background intensity at
higher temperaturesee also Fig. 11

The situation is less clear for tligstate. As theéA state, it
also shows no dispersion with . It does not fall into the
region of the calculated band gap, but it has a smaller bind-
ing energy than all the measured states. So the most likely
interpretation is thaB is either another surface state, possi-
bly only in a symmetry-induced gap, or a surface resonance.

The D andF states are interpreted as genuine bulk bands
even though they, too, show very little dispersion. The nar-
row bands are, after all, characteristic for this direction in
reciprocal space and the bands agree very well with the cal-
culation. This is even seen in some detail, for example, by
the fact that both the&C and theD peaks are visible ak
values, where the splitting of the highést and,, bands is
largest.

In some details the agreement between experiment and
calculation is less good. One is the presence of peaks that are
not predicted by theory, in particular, the shoulder around 6
eV binding energy in the low-temperature data and @&e
structure. Such spurious structures can have several causes,
for example, many-body effects or phonon-induced scatter-
ing, which gives rise to peaks at points of a high density of
states. Neither of these scenarios seems very likely here. An-
12 AT =273 K| | other possibility is surface contamination. T@epeak has a

1

T T T T T T binding energy similar to an oxygen-induced peak but it is
15 -10 05 00 05 10 15

Crystal momentum k, (A™)

Binding energy (eV)

much narrower and invisible at low photon energies such

that this explanation is also unlikely. Yet another possibility

is that several structural phases are present on the surfaces.
FIG. 4. Binding energy of the peak&lll circles) and shoulders  This, however, can be excluded by the good agreement be-

(open circlegin the spectra plotted as a function of crystal momen-tween LEED simulations and experimental d&rom our

tum as determined by using free-electron final-states. The lines argatg alone, it is hard to draw firm conclusions as to the origin

the calculated band structure taken from Ref. 9. of these peaks.

An even more pronounced difference between the experi-
maximum in the dispersion of thél band, however, is ment and the calculated band structure is the absence of the
slightly shifted from the calculated position. We ascribe thisX, band in the former. This is the main reason for the large
to the failure of the free-electron model to adequately degap we observe between the higher and lower bands. It is
scribe the final states. The main purpose of Fig. 4 is, howeaused by the fact that photoemission from bands ofym-
ever, to facilitate the comparison between measured and cafetry is forbidden in normal emission for any orientation of
culated bands and to show the qualitative differences anthe polarization vector. To see this, consider the discussion of
similarities away from the high-symmetry points. the symmetry properties of thénonsymmorphig space

With the aid of Fig. 4, we can proceed with the assign-group ofa-Ga, as presented by Slatetal?°
ment of the yet unidentified features in the spectra. The state Finally, the highest binding energ¥,; band is not ob-
A is assigned to an electronic surface state. This identificaserved over a large range of photon energies and where it has
tion is based on several facts. First of all, its binding energybeen observed, as theband, its energy agrees only poorly
does not change as the photon energy is varied. Second,iith the calculation, except at the highest energies. This can
falls in a projected bulk band gap, as clearly seen by thée caused by two problems. One is the small cross section
calculated bands. Finally, a surface state at the same bindirfgr this band and the other is that its energy falls in the
energy has been predicted to exist for the cut-dimer terminaregion of gallium’s plasmon and surface plasmon energies,
tion of this surfacé? The fact that theA state is only ob- which are 13 eV and 9 eV, respectively. Hence, a distortion
served in the low-temperature dataset could suggest that it &f the spectra by a plasmon loss is conceivable. At lower
a feature from another part of the surface Brillouin zonephoton energies theband does not disperse at all and one
which has been scattered into the normal-emission directiomight be tempted to assign it to a surface state in the lower
by a reciprocal-lattice vector of the reconstruction. Thisprojected band gap in thE-Z direction. Such states have
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been predicted for other terminations of this surfdt&his  direction and is therefore consistent with the picture by Gong
assignment can be ruled out, however, because thedsiate et al,’ which describesy-Ga as a metallic molecular solid.
disperse at higher energies. Moreover, it would be unusually . ) )
broad for a surface state peak. This work has been supported by the Danish National

In conclusion, our experimental study of the electronicResearch Council and the Carlsberg Foundation. H.L. thanks
band structure ofr-Ga shows a good agreement with the the Danish Foreign Ministry. We thank N. E. Christensen and
most recent calculation of Bernascatial® In particular, it M. Bernasconi for helpful discussions about the symmetry of
confirms the presence of several rather flat bands if'tde  «-Ga.
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