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Experimental electronic structure of Be,C
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The insulating BgC thin films have been successfully prepared on a Be surface. A low-energy electron
diffraction pattern shows that the films ha{&00) orientation along the surface normal. We have used angle-
resolved photoemission to map out the occupied bulk band dispersion alohgXhdirection. The band-gap
edges at th point are 6.7 and 11.5 eV below the valence-band maximum, which is located Btpibiat.

These values are in good agreement with theoretical calculations. The unoccupied bulk electronic structure is
measured using Cslnear-edge x-ray-absorption spectroscopy. The spectrum is similar in shape to the energy-
loss spectrum and the calculatgqepartial density of states, while the peak positions are different.
[S0163-182698)01335-9

[. INTRODUCTION photoemission. The result is in good agreement with recent
calculations. The unoccupied conduction band density of
The insulating crystal, beryllium carbide (B®) is be- states is measured by G hear-edge photoabsorption. The
lieved to be a strongly ionic crystal. Its strong chemicalBe and C & core-level binding energies measured by pho-
bonding leads to high melting temperature, which impliestoemission are found to be consistent with the description of
potential use as refractories and large elastic constant§trongly ionic bonding of the compound.
which, in turn, are related to hardness, high sound velocities
and good thermal conductivity. It has been found thajBe Il. EXPERIMENT
is even harder than silicon carbi#fé.lt is also found that
beryllium carbide is highly resistant to radiation damage and BeC has the fcc antifluorite structure, which is the same
may be used as a component of fission reactor fuels and ase’ the calcium fluorite structure, but with the anion and cat-
blanket material for fusion reactot$. The possible large ion interchanged. The C atoms occupy fcc sites and each C
band gap(~3 eV), though not exactly determined, might atom is surrounded by eight Be atoms at ¥/4,=1/4,
lead to interesting optical properties and other potential tech= 1/4)a, where a=4.342 A is the lattice constaftThe
nological applications. structure is similar to the diamond structure but with all tet-
There are few theoretical calculations investigating therahedral sites filled by Be. Not only the structure but also
structural and electronic properties of 8e°~' The general electronically this compound is isovalent to the group-IV
conclusion is that it is strongly ionic with an indirect band elemental semiconductors and IllI-V semiconductor com-
gap ["-X) larger than 1.2 eV. On the experimental side, topounds.
our knowledge, there is only one paper reporting the elec- The experiment was carried out at the Synchrotron Radia-
tronic structure by using a high-energy electron microscopeion Research Center in Hsinchu, Taiwan using LSGM and
combined with electron energy-loss spectrosctpiLS) in HSGM beamlines. The photoemission was carried out in an
the low-energy-loss region, as well as Be and<hg&ar-edge  ultrahigh-vacuum (UHV) chamber equipped with low-
fine structure$.The scarcity of experimental electronic stud- energy electron diffractioflLEED) and a 200-mm radius
ies is due to the nature of the & samples. Preparation of hemispherical analyzer aligned with a fixed 50° angle to
Be,C is difficult because it is a high-temperature ceramic thathe incident photon beam. The base pressure was
easily hydrolyzes to B®H), and reacts with O and N. In the 1X10~ 0 torr. For angle-resolved valence-band photoemis-
EELS study the sample was a fine powder with a high consion the angular acceptance wag°. Photon energies from
centration of BeO. The largest crystals found were about 1.8 to 115 eV were used, and the spot size was less than 2
um in diameter and these were usually surrounded by BeOmm. The overall energy resolution was 0.1 eV at 20 eV, 0.15
rich particles. This sample size is not suitable for opticaleV at 80 eV, and 0.2 eV at 110 eV. For core-level photo-
absorption and photoemission experiments, in which macroemission an acceptance angle-08° was used, and photon
scopic beams of mm size are typically used, to obtain spectranergies of 150 eV for a Beslcore and 320 eV foa C 1s
entirely from BgC crystals. core to maximize the intensity. The overall energy resolution
We report in this paper a way to prepare,8esingle- was 0.2 and 0.4 eV for Besland C Is, respectively. For the
crystal films large enough for macroscopic studies. The oc€ 1s near-edge x-ray-absorption fine structyMEXAFS)
cupied valence-band structure is mapped by angle-resolvedeasurement total electron yield detection was used and the
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signal was normalized to the photocurrent from a freshly v T T T
evaporated Au mesh placed in front of the sample. The inci-
dent angle was 50° to the surface normal. The photon energy C 1s core level
was calibrated by photoemission from the second-order light.
It was also checked by monitoring the mesh current in front
of the sample and comparing the characteristic absorption
dips due to carbon contamination of the beamline.
Be,C
(a)
and LEED study

The sample was prepared by evaporating a thick layer of
Cgo Onto a clean B@00Y) surface at room temperature. The x1/2
Be crystal of 5< 10 mnt size was cleaned by cycles of Ar
ion sputtering and annealing. The evaporation procedure has
been described previous).This Cs, on B£000)) surface (b) 2ML Ceq/Be(0001)
was then annealed successively and monitored by core-level
photoemission until no change in core-level binding energies T
can be detected. This final annealing temperature is 450 °C. 286 285 284 283 282 281
Detailed G reaction on B&00) surface and B&£ film T
growth will be presented elsewhereThe BeC film thick- Bmdmg Energy (eV)
ness was not exactly known. It can be estimated that one FIG. 1. C I core-level photoemission spectra fra@ Be,C,
monolayer of close-packeds@with the same density as bulk and(b) 2 ML Cq film on a B&000J) surface.
(fcc) (111) plane density(with nearest-neighbor distance
10.02 A can result in a thickness of 14 A Be or 3.25 gated shape of spots indicates that the direction of each do-
conventional unit cells along tHA00] direction. This repre- main is only approximately aligned. These spots are then due
sents a lower limit of film thickness. Further depositions ofto (20) and (02) diffraction. The deduced lattice constant is
Cgo Were used to increase the Befilm thickness that we in perfect agreement with that of Be fcc crystal. Spots
believe was more than several tens of angstroms. The strodigely corresponding to th€10), (01), and(11) diffraction at
valence-band dispersion to be discussed later indicates thlmwer kinetic energies are very faint and difficult to see. The
the film is thick enough to present the bulk electronic struc+eason is not understood. The weak LEED spots imply that
ture. The(100 surface can have either Be or C termination.the surface consists of domains [df00] direction with the
The exact termination is not known and awaits further studysize comparable to, but not much larger than, the coherent
However, it does not affect the measured bulk band struc-
ture. —

The C 1s core-level photoemission spectrum from,Be
is shown in Fig. 1a). For comparison the core-level photo- Be 1s core level
emission fran a 2 monolayefML ) Cgq film is shown in Fig.
1(b). It can be seen that the binding energy gf & 284.5
eV with respect to the substrate Fermi level, while fopbBe
the binding energy decreases by 2 eV to become 2825 eV.
The Be Is core-level photoemission spectrum from,Bes
displayed in Fig. 2a). For comparison the core-level photo-
emission from a clean Be00)) surface is displayed in Fig.
2(b). The sharp clean surface peak at 111.2 eV and the shoul-
der at about 111.8 eV are due to unresolved surface and bulk
peaks as discussed in the literatlitd=or Be,C the Be &
binding energy increases to 112.75 eV. This increase in Be
core binding energy and decrease in C core binding energy
are consistent with large charge transfer from Be to C as

discussed previousR?® Furthermore, we observe that the clean Be(0001)
core-level peaks of BE are wider than g and clean Be (b)
5

Ill. RESULTS AND DISCUSSION

A. Sample preparation, core-level photoemission,

Intensity (arb. units)

(a) Be,C

Intensity (arb.units)

core-level peaks, and are slightly asymmetric. This may be
due to inhomogeneity of the film or surface effect.

The LEED pattern from this prepared surface is schemati- 11
cally drawn in Fig. 83). Weak twelvefold spots could only .
be seen around 144 eV kinetic energy. We analyze the pat- Binding Energy (eV)
tern as three domains @00 surface as depicted by the  FIG. 2. Be & core-level photoemission spectra fraqam Be,C,
three large squares rotated by 120°. The azimuthally elonand(b) clean B€0001) surface.
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reciprocal lattice vector, anklv is the photon energy. Since

(a) /_ }“\ \(2 0 we focus here on photoemission along the direction normal
/] yaa \0\ to the surface, both the initial and final momenrkaand k
// VaSelNRN § _ + G, can be assumed along the surface normal in most cases.
% > % It has been found that the high-lying final states can well be
// 2' o 7;1 N -/ described by a free electronlike dispersian,
%\g / ﬁ Eq(kp) =#2k[*/2m+Eo, 2
\\o\ \‘{ (0 1) where|k;|=k, for normal emission, ané, is the “bottom
——CoT / of the muffin tin” referenced to the valence-band maximum
\%\3«% ©.2) (VBM) and is to be determined experimentally. Origgis
known the final statd, can be calculated in the extended-
(b)
(C) zone scheme as
s L001] ,  L010] 7k, =[2m(E;+ hy—Eg)]*2 ®)
Z- ~
o_;)7 KR /I\ ° ° ° and the initial staté, in the reduced-zone scheme is
[ 2
a1 ) 4 ]
"‘5\ w)'[ [o10] ° [210] (KD rea=k, —G 4
o' v

with an appropriatés.

Although the BgC thin film consists of many domains
with the azimuthal directions not well aligned one can still
measure the band dispersion using angle-resolved normal

FIG. 3. (a) Schematic LEED pattern from the Be film at 114
eV electron energy. The twelvefold new-moon shaped spots are
observed and identified as due (@0) and (02) spots of three do-

mains of(100 surface rotated by 120°. The open circles are repre- | | h f
sentations 0f10), (01), and(11) spots.(b) The corresponding real- emission as long as tHd00] axis is along the surface nor-

space conventional cells of each domain and the symmetry?@l- This is exactly what we observed here. Figure 4 dis-
direction of the domain marked by a solid squa®.A real-space plays a series of photoemission spectra at various photon

conventional cell of the B@001) substrate underlying the gg  €nergies at the normal emission geometry. The binding en-
film and the symmetry direction. ergy is referenced with respect to the substrate Fermi energy.

We first discuss the dispersive peaks. Below 50 [€if.
length of LEED, that is of the order of 100 A. For clarity we 4(@)] the prominent peak labeleRil5 disperses to the critical
add in Fig. 3a) the presumed10) and(01) spots, denoted as point of I'y5 at a photon energy of 22 eV, which gives the
small open circles and connected by the three small squaregalence-band maximurivBM) at 1.32 eV. We note here
and the presumed 1) spots, in addition to the observé20)  that there is no emission at the Fermi energy; therefore, this
and (02) spots. Figure ®) shows the corresponding real- film is insulating with a band gap of at least 1.32 eV. This
space conventional cells of each domain and the symmetrgeak disperses down in energy and diminishes in intensity
direction of the domain marked by a solid square. Figyo 3 between 52 and 68 eV photon energies as shown in Fiy. 4
shows a real-space conventional cell of the @1 sub- Another peak at 7.5 eV shows up at 52 eV photon energy
strate underlying the BE film. It can be seen that the twelve and becomes the most prominent peak at 68 eV photon en-
diffraction spots are in line with the substrate hexagonakrgy with a binding energy of 8.0 eV and labeled, where
structure, and the three domains of,B€100) surface are the critical pointX, is reached. Starting at 68 eV photon
confined by the substrate threefold symméfhirhis seems energy another bulk transition disperses to a maximum of
reasonable because twice the nearest-neighbor distance 1.8 eV at 72 eV photon energyX{) and then disperses
Be(000)) along the[010] direction, or twice the Be lattice downwards as shown in Fig(@ and labeled1. In Fig. 4a)
constanta, is only 5% larger than the BE lattice constant, there is another dispersive peak labeB#l in a photon en-
and the nearest-neighbor distance of Be along[#i€)] di-  ergy range of 28—46 eV. Its origin will be discussed later.
rection is 9% less than the Be lattice constant. The twelve Figure 5 summarizes the peak binding energies found in
spots can be equally well explained as due to (th® dif- Fig. 4 as a function of photon energy. In this figure the bulk
fraction from four domains of B€£(111) surface. However, transitions are represented by solid and open circles. The
the substrate surface does not have fourfold symmetry aneixtreme positions of the dispersive peaks mark the Brillouin-
the valence-band dispersion is consistent with[t@0], not  zone center and boundary and can be used to determine an
with the[111], direction as explained in the next subsection.experimental value dt,. For example, the extreme position

of P15 at the VBM forhv=22 eV corresponds to the tran-

B. Valence-band mapping by angle-resolved photoemission ~ Sition at the zone center to a fin&l, =2(2w/a)=2I'X

Gzoo Using Eq.(3) we obtain the experimental value of
In direct transition of photoemission the conservation of —9.7eV. Similarly, P1 at 68 eV andBl at 72 eV

energy and momentum leads to correspond to the transition at the zone boundary ofXhe

(1) point with a finalk, = (3/2)G,qo. The obtained, values are
quite similar. This indicates that our analysis using a free-
whereE; and E; are the initial- and final-state energids, electron final band is valid. We note here tl&g lies just
=k is the electron’s initial momentum in the reduced zoneinside the band gap at andL points, similar to the case of
schemek;=k+G is final momentum ands is the bulk  GaAs!® For clarity we plot in Fig. 5 the dispersion curves as

E¢«(ks)=Ej(kj) +hv,
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FIG. 4. Angle-resolved photoemission spectra collected at the normal emission geometry for the photon ener@y 2ngs) eV,(b)
50-68 eV, andc) 68—115 eV. The intensities are normalized to sample currents and rescaled in each panelnRPaa#t 38 eV photon
energy is the Bed core level excited by the fourth-order radiation. The binding energy is referenced to the substrate Fermi energy.

the solid lines using the theoretical initial-state bands alongs surface states. Their other properties will be discussed
the[100] direction (C-X) calculated by Corkill and Cohéh,
and our experimentally determined final-state free-electronpeakU showing no dispersion with a binding energy exactly
like bands. The peakB15, P1, andP5 between 22 and 68
eV photon energies are transitions to a final bandkof
+Gyoo- The peakB1 is mainly due to transitions td

+ G 400-

There are several nondispersive peaks. Fdakt 0.8 eV
is above the VBM in the fundamental gap a82l at 10.8 eV
is in the gap betweeK; andXj ; therefore they are ascribed tected. An alternative interpretation is surface umklapp pro-

elsewheré?! At photon energies higher than 68 eV there is a

the same as th¥, point (6.7 eV with respect to the VBM

This can be understood as due to secondary cone-surface
umklapp emissio®~1’Bloch final states that consist mainly

of Fourier components moving in the directions other than
the surface normalk{in) may have a component moving
along the surface normal,(k;+G’)IIn] thus can be de-
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FIG. 5. Peak binding energies at various photon energies, shown 14
as circles, crosses, squares, and triangles, deduced from Fig. 4. The
solid line is the expected dispersion based on direct transition from 16 [ i
the calculated initial bands alod@00] from Ref. 6 to the experi-
mentally determined final-state free-electron bands. The dashed line I A X
is the simulated dispersion alofgy10]. FIG. 6. Comparison of experimental initial band dispersion,

shown as filled and open circles, with theoretical calculation, shown
as curved lines, from Ref. 6 alodg X [100] direction. The binding

cess in that the final state is still the plane-wave stat@ ( energy is referenced to the VBM

moving along an off-normal direction while it is scattered

back to the normal direction by a surface reciprocal latticéyre not consistent with the direct transition model. However,
vecto_rGS, which exactly <_:ance|s the parallel component ofan electron from a transition from the point may be de-
the final state. The relation between these two reciprocakcted in normal emission from(400) surface if the surface
space vectors is simplgs=G; . Due to lifetime broadening provides a reciprocal-space lattice vect®g/2, where G
the contributing states are smeared out forming more or le§s=(27/a)(0,+1,+1)] is the reciprocal-space unit vector of
a continuum in theE versusk space. Therefore, these pro- the fcq100 surface, which assists the surface umklapp
cesses result in nondispersive peaks in the spectra that reﬂ%cess. Evidence of this possibility is that the photon
valence-band one-dimensional critical points with high denenergies needed for transitions from tHe point [k
sity of states along the surface normal. In our case pkak =(2m/a)(1/2,1/2,1/2)] tok+Ggy_»_», K+Ggy», and k
68 eV photon energy coincides wifhil at critical pointX;.  +Gy,, final states are 28, 60, and 92 eV, respectively, and
It is composed of an ordinary transition fo-Gyo0 andk  these energies correspond well to the observation. Transition
+G_ 400, Wherek=(27/a)(1,0,0), as well as an off-normal to these three final bands has relatively larger probability
transition tok+G_,+,+, andk+Gg+,-,. PeakU at 107  than to other bands because of their relatively larger ratio of
eV corresponds to off-normal transitions kot Gy.50, K |k /k, |, and thus longer time in the surface regidriThe
+Ggo:2, K+G_42p0, and k+G_40.,. There are also reciprocal-space lattice vect@¢/2 can exist if the surface
peaks at binding energies the same as critical points whilendergoes a (2 1) or (2x2) reconstruction although we
appearing only in the small photon energy range. This apdid not observe it in the very weak LEED pattern.
pears at relatively low photon energy because the lifetime The dispersiveB2 peak between 28 and 46 eV, marked
broadening is smaller and the available transitions are lessy filled triangles in Fig. 5, is also difficult to understand. Its
Peakb of 12.9 eV binding energy at 50 eV photon energy dispersion range is similar ®1 butB2 cannot be explained
corresponds to transitions froX; to k+G;.3.5, and by any of the above models. In Fig. 5 we plot with a dashed
k+G_3:1+1, and fits into this category. The peakat Jine the band dispersion using the theoretical initial-state
around 26 eV photon energy has a binding energy exactlyands along110] direction ["-K-X) and our experimentally
the same aX,. However, we could not explain it using the determined final-state bands. The agreement &&hdisper-
above model. sion is reasonably good. This is a puzzling result since we
The nondispersive peak label&ddeserves a special dis- have no evidence afL10) surface. An explanation could be
cussion. It is revealed as a feature in three photon energat the film might contain domains ¢£10) surface. These
ranges of 28—30 eV, 54—-60 eV, and 72—-110 eV. Its bindinglomains must be small because we do not(44€) LEED
energy does not correspond to any critical point enerdy at pattern and their fraction must also be small because the
or X points, therefore it cannot be explained by the abovecorrespondingd2 intensity is extremely weak. Photoemis-
models. On the other hand, its binding energy to the VBM,sion from such smal{110 domains could be detected only
1.5 eV, is close to the calculatdd, point of 2 eV® Never-  when the intensity from the maj¢L00) domains vanish due
theless it seems difficult to comprehend how one can observ®e low cross sections.
a direct transition from thé& point in normal emission from The usual dispersion relatideversusk is shown in Fig.
a (100 surface. Even if we do havd11l) domains, as would 6 for I'X (A). The initial-state binding energy referenced to
be consistent with LEED, the corresponding final-state bandthe VBM is used here. The experimental data are presented
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TABLE |I. Critical point energiegwith respect to the VBM ture in EELS. The discrepancy might be due to different
(I'15)] and band gaps by experiment and theories f(Bén eV).  detection schemes. The onset of absorption in our data is at
282.5 eV, which may represent the conduction-band mini-
APWA PPPW FF Expt. mum (CBM). Since the C & core-level and the VBM bind-
ing energiegwith respect to the substrate Fermi levate
282.5 and 1.3 eV, respectively, we may deduce the funda-

Critical points

)F(l 713'2 71?2 71?2 _115 mental band gaplI{;5X;) as 1.3 eV. However, the local
X} —5.6 _7'0 —6.9 —6'7 unoccupied state energy is expected to shift down in the
X‘,‘ _3'9 _5'1 _5'0 ' presence of a core hole in NEXAFS process. This correction
5 ' ' ' is unknown. Therefore, the value 1.3 eV can only be viewed

Lg —7l —9.2 —9.0 as a lower bound of the band gap measured by other meth-
Ls -15 —20 —20 ods, and is consistent with the result from valence-band pho-
Band gaps toemission as discussed earlier. The calculatpdrtial den-
X1-Xy 5.2 4.6 4.6 4.8 sity of states(p-PDOS broadened by a 2.5 eV width
s Xy 3.0 124 121 >1.3 Gaussian function at the C site by Lee, Lambrecht, and Se-

gall is also displayed as a dashed line for comparisBmce
no absolute energy reference with respect to core level exists
in the calculation, we plot the-PDOS curve according to
the authors to align the major peaks with EELS data. That is
] ) ) _ _ equivalent to setting the calculated VBM at 282.5 eV and the
as filled and open circles. The theoretical dispersion curvessgM at 283.7 eV. This is apparently inconsistent with our
shown as solid lines, are from Ref. 6. It can be seen that th@ata, thus indicating a likely shift or scaling between calcu-
calculation agrees well to the measurement. In Table | Westion and measurement. From the comparison between the
compare the measured critical point energies with the availgg|cylated low-energy-loss function, which involves valence
able calculations. Other calculations yield very similar re-3nd conduction bands, with the measurement by Disko
sults and the agreement with our measurement is also googds al.? Lee, Lambrecht, and Segall found that a rigid shift of
2 eV would result in good agreement and the latter estimated
C. NEXAFS that the fundamental gap would be about 3 eV. The calcu-

lated PDOS and band structure may provide us with infor-
The C 1s NEXAFS of BeC is shown in Fig. 7 as filled y P

circles. The EELS data by Disket al.is also shown as open mation of where the absorption peaks come ffofiiThe
: . NEXAFS double-peak group around 288 eV can be from the
circles for comparisof. The NEXAFS peak at 284.5 eV ap- P group

. lowest conduction band in the region of the Brillouin zone
pears in EELS as a small shoulder. The double peak groupaa; tha point, where the bands are quite fiégee Fig. 1 of
around 288 eV in NEXAFS is lower by 1 eV than EELS pat 7) The peak at 284.5 eV in NEXAFS is from the lowest
peak near .289 eV. The sharp peak at 292.7 e_V and a ShOUId&'Snduction band slightly higher than tiéepoint (CBM). A

at 295 eV in NEXAFS correspond to a relatively flat struc- g, ider also appears in the calculated PDOS in Ref. 5 while
it does not show up in Ref. 7; this feature is probably washed
out by the large broadening of 2.5 eV used in the latter

dAugmented plane-wave calculatigRef. 5.
bpseudopotential plane-wave calculatigtef. 6.
Full potential calculatior{Ref. 7).

calculation.
* NEXAFS IV. CONCLUSION
o
EELS We have found a way to produce single-crystal,Be
° films for measurements with macroscopimm) beam size.

The major part of the occupied valence-band structure mea-
sured by angle-resolved photoemission agrees well with re-
cent calculations. The unoccupied conduction band PDOS
was measured by CSINEXAFS and is in reasonably good
agreement with the EELS result and calculajg&®DOS,
while the peak positions are different.

Intensity (arb. units)
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