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Angle resolved photoelectron spectroscdBRPES on azimuthally disordered graphite demonstrates that
sharp quasiparticle dispersions along the radial direction can coexist with a complete lack of dispersion along
the azimuthal direction. This paradoxical coexistence can be explained in terms of van Hove singularities in the
angular density of states. In addition, nondispersive features at the energies of band maxima and saddle points
are observed and possible explanations are discussed. This work opens a possibility of studying the electronic
structure of layered materials using ARPES even when large single crystals are difficult to obtain.
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The ability to sharply resolve crystal momentum values ofdisordef® In addition we report nondispersive features at the
single particle excitations has made angle resolved photenergies of band maxima or saddle points, which are attrib-
electron spectroscopfARPES a very powerful tool in ad- uted to the loss of momentum information by an indirect
dressing the electronic structure of solid, as has been suphotoemission process or elastic scattering. A practical im-
cessfully demonstrated on single crystalline samples over thglication of this study is that more ARPES opportunities can
past decadesDue to the translational symmetry along the be made available for layered materials even when high
surface of a single crystal, the crystal momentum parallel tguality single crystals of large size are difficult to obtain.
the surfacek,) is conserved during the photoemission pro- ARPES data were collected at beam line 10.0.1 of the
cess, allowing a complete momentum space map of the infAdvanced Light SourcéALS) at the Lawrence Berkeley Na-
tial state. This holds despite the short photoelectrorfional Laboratory, using an SES-R4000 analyzer. The wide
lifetime?-# which can severely broaden the resolution of theaNgular mode with acceptance angle of 30° and angular reso-
momentum perpendicular to the surfag. Indeed, even in Ution of 0.9° was utilized for most scans, while high reso-
the limit of an extremek, broadening that results in no reso- lution angular mode with acceptance angle of 14° and angu-

- : ; lar resolution of 0.1° was utilized for one scan. The total
Iutlon of kz, strong ARPES dlsper5|qns are ex-pected aS fhstrumental energy resolution was 15 meV at 25 eV photon
function of k;, since the one dimensional density of states

. : . . energy and 25 meV for other photon energies ugdy 55,
(1D-DOS D,(E)dk,/dE obtained by integrating ové iS50 e\). The sample used was a grade ZYA highly oriented

dominated by contributions from van Hove singularities inpyrolytic graphite (HOPG, obtained commercially from
high symmetry planes. Structure Probe Inc. The sample was cleaireditu in an

On the contrary, for those systems characterized by oriengitrahigh vacuum better than 1x01.072° Torr and measured
tationally disordered domains, i.e., polycrystalline materialsat temperature 50 K.
the translational symmetry is preserved only within each do- Figure Xa) shows an ARPES intensity map measured at
main. As a consequence, the dispersion measured by ARPERe Fermi energy using 40 eV photon energy. Throughout
is the average dispersion over different domains, which inthis paper, we use an inverse gray scale, where black repre-
general leads to no dispersion. However, extending the 1Dsents high intensity and white represents low intensity. Ac-
DOS D,(E) scenario fork, discussed above further to the cording to band structure calculation, a constgriross sec-
plane, there is an interesting possibility that a layered polytion of the graphite Fermi surface can be a small hole pocket,
crystalline sample, with a strong azimuttiel) disorder, can a small electron pocket, or a point located at the six corners
nevertheless give distinct dispersions in the radial directionof the hexagonal Brillouin zongdashed line in Fig. ®)],
This would happen if the average dispersion is dominated byepending on the value &.57 Experimentally, the predicted
those along the high symmetry directions due to van Hovesmall electron or hole pockets have yet to be resolved, and
singularities in the angular density of staleg(E)xd¢/dE.  measurements on single crystalline samples have shown only
To date, this possibility has never been demonstrated expersmall dots of high intensity at these cornerschematically
mentally and photoemission studies on disordered sampledrawn as shaded circles in Figal For the graphite sample
have focused on angle-integrated features without any ma4nder study, the Fermi energy intensity map, symmetrized by
mentum information. threefold rotations to fill the entire Brillouin zone, shows a

In this paper, we report a high resolution ARPES study orperfectly circular pattert€ in contrast to what is expected
the electronic structure of azimuthally disordered graphitefor single crystalline graphite. This is attributed to the angu-
We report clear evidence that sharp quasiparticle dispersionkr spread of the dots to a circle due to the azimuthal disorder
in agreement with band structure calculation along the higiof the samplé.
symmetry directions, can coexist with a circular Fermi en- Figure 1b) shows an ARPES intensity map as a function
ergy intensity map, a definitive signature of azimuthalof binding energy and in-plane momently corresponding
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FIG. 1. (@) Fermi energy intensity map. The hexagonal Brillouin zédashed lingsand Fermi surfacéshaded circlesexpected for
single crystalline graphite are drawn schematicdlhy.Intensity map vs binding energy and in-plane momentum along the solid lit&@ in
taken at 60 eV photon energy. Arrow marks the Fermi energy crossing (@intThe inset shows energy distribution cufieDC) at kg
taken at 25 eV photon energy in the high angular resolutioh®) mode.(c) Second derivative of raw data iib) with respect to energy.
Local density approximatiofiLDA) dispersions along both-K-M' direction(solid lineg andI'-M-I"’ direction(dashed linesare plotted
for comparison. The Brillouin zones are labeled on top of this panel for the two high symmetry directions.

to the momentum cut shown as a solid line in Figa)l

sary if the sample consisted of many small single crystallites

Despite the strong azimuthal disorder giving a circular Fermiwith strong azimuthal disorder.

energy intensity map in Fig.(4), we observe, surprisingly,

Figures 2a)—-2(c) show ARPES cuts for three azimuthal

very clear dispersions over the entire energy range. Furtheengles,¢=0°, 10°, 20°. A direct comparison between panels
more, at the Fermi energy crossing pdipt a sharp coherent a, b, and ¢ shows no appreciable angular dependence of the
quasiparticle peak is observed. This is shown in the insetispersions, establishing that the azimuthally invariant elec-
where an EDC, energy cut at a constant momentum, is plotronic structure of Fig. @8 at the Fermi energy extends to
ted. Here the half width of the EDC peak is 20 meV the entire bandwidth. Thus, these data strongly support the

[50 meV full width at half maximum(FWHM) due to the

azimuthal disorder model described in the previous para-

asymmetry of the line shapedefining the sharpest peak ob- graph, and indicate that the ARPES data measured are actu-
ally a 1D-DOSD,(E) along the azimuthal directiow, in

In Fig. 1(c) we report the second derivative of the raw analogy with the well-known 1D-DO®,(E) along thek,
data of Fig. 1b) with respect to energy. The second deriva-direction? As in the latter case, then, one would expect that
tive method has been used in the literature to enhance th&an Hove singularities arising from states along the high

served in graphite so f4r.

direct view of the ARPES dispersion. Peakdack) in Fig.
1(b) appear as low intensitfwhite) in Fig. 1(c). LDA band
dispersions along two high symmetry directiohskK-M’

symmetry directions to contribute dominantly, and this gives
an explanation why the measured dispersions accurately re-
flect the dispersions along the two high symmetry directions.

(solid lineg andI'-M-I'" (dashed linesare plotted in the The 1D-like van Hove singularities arise from states along
same figure for a direct comparison. Despite a polycrystalhigh symmetry lines because these states have zero group
like sample implied by the Fermi energy intensity map, anvelocity along the arc with constakf magnitude.

excellent agreement is observed between the experiment and In Figs. 2d) and Ze) we show LDA calculations support-

the theory. We can identify the dispersions between 4 anéhg this reasoning. In panel d, we show the dispersion for

23 eV as originating from thep? orbitals with strong intra-

single crystalline graphite along an arc frofnto B with

layer o bonding (black lines, and the dispersions between radius equal td’K distance. Within this arc, thEK direction

Fermi energy and 11 eV as originating from thgorbitals
with weakers bonding (white lineg. We note that the cal-

corresponds to poinA and thel'M direction to pointB,
respectively. As expected, extrema in the band dispersion

culated dispersions were stretched by 20% in energpccur at the two high symmetry directioms(shaded circles

throughout this paper, as suggested in the litergttfeThe

and B (open circles The calculated 1D-DO® ,(E) over

stretching of the LDA band dispersions is attributed to missthis arc, and thus over the entire azimuthal angle range by

ing self-energy corrections in LDA, sin@® initio quasipar-

symmetry, is shown in panel e. One can see diverging 1D

ticle calculations based on the GW method show that fovan Hove singularities as sharp peaks occurring at energies
graphite the quasiparticle band dispersion near the Fermi envhere bands cross poingsand B, which completely domi-
nate over other contributions. This nicely explains why well-

ergy is 15% larger than that predicted by LIA.

The direct comparison between Figalland Figs. 1b)-

defined sharp peaks with large dispersions can be observed

1(c) shows an apparent paradox in our data, namely, the cdrn this azimuthally disordered sample, despite the fact that

existence of azimuthal disorder feat{iFég. 1(a)] with single

crystalline feature$Figs. 1b) and Xc)]. This can be readily directions.
understood if we consider an angular average of the calcu- The data presented so far can be summarized as showing
lated dispersions. Such an angular average would be necesell-defined dispersions along the radial direction with a
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FIG. 2. Dispersions for azimuthal anglés=0° (panel a; 10° (panel B; and 20°(panel ¢. The ¢ angle is defined in the inset of panel
a. LDA band dispersions along-K-M’ (solid lineg andI'-M-I"" (dotted line$ are plotted for comparisorid) Calculated dispersions for
single crystalline graphite along an d@shown in the insgtwith radius equal td'’K distance(e) Calculated density of staté,(E) for single
crystalline graphite by integrating over an arc frénio B (see inset of panel)dSingular peaks i 4(E) occur at energies corresponding
to band energy extrema, some of which are shown in pémdl as shaded circles and open circles foI'K direction and B (I'M
direction), respectively.

complete lack of dispersion along the azimuthal directionone can easily see from Figsicland 3a) that the energies
Therefore, our data suggest that the graphite sample undef these nondispersive features correspond to the band en-
study consists of finite size single crystalline grains muchergy extrema. Namely; corresponds to the saddle point of
smaller than the analysis aréa100 um) with a complete « band,e, the degenerate maxima ef, and o, bands, and
azimuthal disorder. However, each grain is large enough te; the saddle point of the; band. This strongly suggests that
allow for highly dispersive quasiparticles to exist. In addi- they are related to the bulk band structure rather than surface
tion, we have measured the dispersion perpendicular to thgtate. We suggest that these nondispersive features can be
surface, k, dispersion, using photon energy range fromexplained by loss of electron momentum information in two
34 to 155 eV at beam line 12.0.1 of the ALS, with a perfectpossible ways, both of which are associated with the large
agreement with previous resulsThis indicates that the density of states at the band energy extré@ne possibil-
crystalline order remains coherent along this direction, i.e.ity is indirect transition, i.e., nok-conserving transition in
perpendicular to graphene layers, over a length scale larg@hotoemission process!* for example, phonon assisted
than the probing depth of ARPE®rder of 10 A. transition. Another possibility is elastic scattering of elec-

We now discuss additional features at 269), 4.3 (e,),  trons in either the initial state or the final state by inhomo-
and 7.8 eV(e;) characterized by no dispersion at all. Thesegeneity or disorder. In both these scenarios, the observed
features can already be observed in Figb) &nd ¥c) taken ~ nondispersive features correspond to density of states of
at 60 eV photon energy, appearing as sharp extended hori-
zontal lines at the same energies. Figure 3 shows a detailed
view of these same features observed at another photon en-
ergy of 55 eV. In panel a, we show the first derivative of the
ARPES intensity map with respect to energy. The first de-
rivative enhances rising or falling edges in the data, and thus
is particularly useful for detecting nondispersive peaks and
edges. The energies for these nondispersive features are
marked by arrows on the right of this panel. In panel b, we
show EDCs atl’ point (thin line) and k,=0.4 A"t (thick
line). In these panels, in addition to highly dispersive fea-
tures that we already discussed, one can clearly see the non-
dispersive features, i.e., peaks at energiesnde; and edge
at energye,. The nondispersive nature of these features can
be checked more explicitly using EDCs. For example, in
panel ¢, a stack of EDCs over an extended momentum range
clearly show the nondispersive nature of peak,and edge
ate,. Such an analysis shows that the features; a¢,, and
e; are nondispersive withir=200 meV.

Similar nondispersive features have been noted and attrib- FiG. 3. (a) First derivative of raw data taken at 55 eV photon
uted to surface states or emission from isolated afdms. energy.(b) EDCs atl" point (thin line) andk,=0.4 A1 (thick line).
However, it is important to point out that in our data there isThe positions of these two cuts are shown as dotted lines (o) a.

a strong connection between these nondispersive featur&Cs for the momentum range indicated by a horizontal white line
and the highly dispersive features discussed above. Indeedom k; to k;,), marked in panel a.
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graphite. This explanation is consistent with the EDC linedisorder features. Also, several nondispersive features are
shape observed in panels b and c. That is, the nondispersivgentified at band energy extrema. Our study brings up an

feature at;, is sharp at low binding energy side becaasés interesting possibility that layered crystals with azimuthal

the energy maximum od; and o, bands, whereas the non- gisorder can be studied with ARPES to obtain useful
dispersive features @& ande; are broad on both sides, be- i tormation.

causee; ande; are saddle point energies. We note that simi-

lar nondispersive features are also observed in single e thank C. M. Jozwiak, A. Bill, K. McElroy, and D. R.
crystalline graphité;'® which suggests that point defects Garcia for useful discussions and A. V. Fedorov for experi-
definitely play an important role, in addition to the possible j,antal assistance at beam line 12.0.1. This work was sup-
role by the azimuthal disorder we noted above. Interestingl_y orted by the Director, Office of Science, Office of Basic

similar nondispersive features are also observed i . T : . .
NaMasO,-6 and highT, superconductd¥ Future studies of nergy Sciences, Division of Materials Sciences and Engi-

these features may be interesting, in view of the general lacR€erNg of the U.S. Department of Energy under Contract
of understanding of the role of inhomogeneity or disorder\O- DEAC03-76SF00098; by the National Science Founda-

in ARPES, and the importance of this topic in complextion through Grant Nos. DMR03-49361 and DMR04-39768.
materials. Support by the Sloan Foundation, the Hellman Foundation,

In conclusion, the data presented here provide an exampRNd computer resource at the NSF NPACI Center is also
of the coexistence of sharp quasiparticle dispersions witicknowledged.
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