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A Novel Direct Method of Fermi Surface Determination Using Constant
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We show that a constant initial energy, angle-scanned (CIE-AS) photoemission spectrum for emission
from the Fermi energyEr) contains Fermi surface (FS) signatures which originate from density of
states typendirect transitions. Such previously unrecognized FS features in a CIE-AS spectrum would
provide a robust and straightforward means of determining Fermi surfaces. Furthermore, the associated
photointensity should yield a new window odn_dispersion related issues in materials. Extensive
simulations of CIE-AS spectra from low index faces of Cu are presented within the framework of
the one-step photoemission model in order to delineate the nature of these new spectral features.
[S0031-9007(96)01334-8]

PACS numbers: 71.18.+y, 79.60.Bm

The value of a constant initial energy type angle-final electronic states are treated properly in the presence
scanned photoemission spectrum has been highlighted ref a semi-infinite surface [3]. The crystal potential of Cu,
cently by the work of [1] which considers fermiology taken from Ref. [4], is well known to yield a reasonable
related issues in Bi2212 [2]. The idea is to arrange theslectronic spectrum of Cu. Finite lifetime effects are
parameters of the experiment in such a way that emissiomodeled by giving a suitable imaginary part to the self-
from the vicinity of the Fermi energyEr) is measured energies of the initial and final state propagators. Much
over a fairly dense grid of| values. It is then argued that of the relevant methodology is well documented (see, e.g.,
rapid variations in the observed intensity herald quasiparRef. [5]) and requires little elaboration.
ticle excitations dispersing acrogs as a function of, The essence of our new results may be illustrated with
allowing insight into Fermi surfaces of materials and thereference to Fig. 1 which shows the computed CIE-AS
mapping of 3D band structures. However, photoemissiospectra from Cu(OOl) for three different values of the
is intrinsically a complex process which involves energyimaginary par f ! of the final state energyE determines
and crystal momentum conservation in the presence of fthe mean free patld; of the photoemltted electrons via
nite initial and final state lifetimes, and the matrix elementthe relation [6],(; = \/ﬁ/22’,5. 3% =2 eV, Fig. 1(b),
for emission is, in general, influenced strongly by the finalis representative of the physical situation. Hypothetical
state wave function. It is important therefore to establistcases of much smaller and Iarger valuesidff are also
clearly the fundamental nature of features manifest in @onsidered as these results give insight into the origin of
constant initial energy, angle-scanned (CIE-AS) spectrunvarious spectral features. FEA} = 16 eV, Fig. 1(c),{,
in terms of the underlying Fermi surface (FS). is very small, and the emitted eIectrons essentially emanate

With this motivation we have carried out an extensivefrom the topmost layer, whil = 0.1 eV, Fig. 1(a),
theoretical study of the CIE-AS spectrum from low indeximplies €, = 200 A and the photoelectrons sampid 10
faces of Cu as a test case. Here we focus on a novédyers. The initial state is assumed in all calculations to
aspect of our results. We find that the CIE-AS spectrunpossess a small damping of 0.1 eV as this state is generally
not only displays the usual FS features arising from direceéxpected to suffer little scattering.
transitions, but also contains FS signatures originating Figure 1(a) shows the presence of a number of features
in density of states (DOS) type indirect transitions.labeled A—-D; A is seen to be the most intense, and the
The latter provide a surprisingly simple imprint of the intensities of B—D are about 50 times smaller. Since
underlying FS in sharp contrast to the direct transitions{; in this case is rather large, the surface contribution
Further, it turns out that the associated photointensity ifs negligible, and all spectral features are expected to
proportional to the 1D DOS of initial states as a functionarise from direct transitions in the underlying band
of k; and should thus provide a new window on issuesstructure. We have verified that this is indeed the case by
related tok, dispersion in materials more generally. To extensively plotting energy bands as a functiork offor
our knowledge, the importance of the aforementionednany different ranges of appropriately chosgrvalues.
DOS type FS features in a CIE-AS spectrum has not beeRor a direct transitionk;, must, in general, vary with
recognized previously in the literature. k in order to satisfy the energy conservation constraint,

All the computations reported in this article are basedEfi.1 = Enitiai + hv. Therefore, features in Fig. 1(a)
on the one-step model of photoemission wherein thegive FS dimensions along complicated contours in the
multiple scattering effects on the initial as well as themomentum space, rather than any simple cuts through
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Lorentzian for a state possessing a finite damping,
77712}/

Af(E - Ef(kL)) = [E _ Ef(ki) _ Elf ]2 + (Elfl)z(’3

with a similar expression for the spectral functidf(E —
hiw — Ei(k.)) [8].
If both the initial and the final states are assumed

a) ¥, = 01eV b) ¥ =20ev ¢) I =160eV to be sharp (i.e.,, small values &/ and X}) and

FIG. 1. Theoretical CIE-AS spectra from Cu(001) for 21.2 thhe k dependence of the matrix element is neglected,

unpolarized light using three different values of the final stateV (£ @)y, is seen from Eq. (2) to be proportional to the
damping. (a) and (c) refer to artificially low (0.1 eV) and joint density of states (JDOS) for a fixed value igf as
high (16 eV) values of damping, respectively; the dampingexpected. We also see that in the limiting case of large
(2 eV) in (b) is representative of the physical situation. Lettersg’;, the final state Lorentziad; will become broad and

A, B, etc., denote various spectral features discussed in thg- ; U 1A
text. The intersection of the 3D Brillouin zone with the (001) ﬁ'lay be taken out of the integration in Eq. (2) yielding [9]

plane passing through the zone center is shown. Whites denote
regions of high spectral intensity. N(E, hw)y = | dki8(E — Ei(k1) — hw). (4)

The right-hand side of Eq. (4) is the 1D density of initial
tatesp (k||, E) associated with thé, band dispersion for
givenk). The final state dispersion no longer enters
the energy dependence of the photointensity because these
states now constitute a uniform continuum as a result of
their large damping.
Equation (4) shows clearly that for a highly damped

the FS. It is noteworthy that if the final states were
assumed to be free electrons (within the crystal), an
matrix elements were to be neglected, we will obtain
only the feature A in Fig. 1(a) with a uniform intensity
extending to the Brillouin zone boundary. Dramatic
variations in the intensity of A as well as presence
of features B—D are striking consequences of the facﬁnal state an anal ved . directl

that matrix elements are included in our computations ingle-resolved experiment directly measures

the 1D density p(k), E) of the initial states. Since

]Eﬁ]%?t:tzzevglth the effects of the crystal potential on thep(k”,E) is proportional tol /[dE;/dk, ], it is clear that

extrema in the band structure as a functionkof will

It is useful to consider Fig. 1(c) next which simulates. ; . i
the situation for a small value of;. Figure 1(c) is induce features in the photoemission spectrum; these

obviously reminiscent of the FS of Cu, and displaysb?;nOI ext:ema_ are L/isu;”())/ eﬁpected to o;j:cu_r gnly at
striking changes compared to the spectrum of Fig. l(a)(.)h —n(;rma ehmlssmn( I h ). In our caseE; = Ef,
Much of the sharp structure A—D of Fig. 1(a) is washednerefore, whenever such an extremum crosees a
out; an essentially isotropic bump F emerges near the Zor{gature representing a simple projection of the FS will in

center, in addition to the appearance of the large closeﬂrm.Clple appear in the photpmtensny.
contour G and the elliptical regions N. Figure 1(c) illustrates this effect. The outer closed

It is clear that Fig. 1(c) differs intrinsically from CO”E)W Gdreﬁults .from r;[he minimum in ?e_badnd hat
Fig. 1(a). In order to gain a handle on the nature of thesrél =0, and thus gives the cross section obtained when
changes, we recall first that the spectral photointensity icesn?(:rcu'llf]glgllti)gtiia(lo ?:g);ig:?;n?\lp:rSeSISiaqErz;ﬁ;%rellgﬁg dzct)ge
the one-step mo?el used here s given by [3] the projections of the (111) necks onto the (001) plane

[=—— Im<k|||G,TAGl~+A*G;|k||>, (1) and involve the band extrema for nonzérp values [10].
. ‘ ‘ G and N may be viewed as being DOS related features
sincep (k|, E) enters crucially in making their appearance
prominent in the CIE-AS spectrum. Of course, 3§

) ! ) increases, the structure due to direct transitions becomes
forward (backward) propagationA is the photon field diffuse. The peak F in Fig. 1(c) is the broadened remnant

?orJr(ri:af:)()rr.theEﬂﬂﬁ;[;c?er} g%‘)eii::egear??g-lrpeuslglt\?g dtohg?ct)zllgc?)f direct transitions [see Fig. 1(a)] around the zone center.
trons [7]N(E. i)y, more suitable f%r the presenri pUpOSE These results imply that as the electron mean free p_ath
as ’ ki decreases, and the number of layers sampled by the emitted
electrons decreases concomitantly, the spectral signature
N(E, o)y ~ j dkLIM,‘fIZAi(E — hw — E;(k))) of FS features such as G and N becomes relatively more
intense. This may seem puzzling at first sight since
X Af(E — Ef(ky)). @) we normally associate FS features with the long range
Here, M; ; denotes the matrix element between the initialcoherence of Bloch states. There is no contradiction,
and the final state.A; (or A;) is the spectral function however, so long as the initial states are sharply defined
for the final (or initial) state which may be modeled by aand coherent; it is just that the FS features in a CIE-AS

2986

where G, and G; are the one-electron Green functions
at the final state(E) and the initial state(E — hiw)
energies, respectively; the superscript(—) indicates
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spectrum turn out to be remarkably simple when theséor the three low index faces were computed. Figure 4
states are probed via highly damped emitted electrons. for the (100) surface usin@jﬁ = 2 eV is illustrative of
Bearing the preceding discussion in mind, we expecthe results. The spectra are influenced strongly by photon
that the CIE-AS spectrum for an intermediate valu&@f  energy, as expected, because the direct transitions then in-
will, in general, display features characteristic of both thevolve a different final state. Figure 4(a) shows that for
small as well as the largg} limits. This is seen to be the 26 eV photons many of the contours are quite different
case in Fig. 1(b) forY} = 2 eV which as noted above from those of Fig. 1(b), pointing to difficulties endemic
is representative of the physical situation. Figure 1(bXo any attempt at deducing quantitative FS information in
shows the presence of DOS features G and N of Fig. 1(c}erms of direct transitions; in sharp contrast, the DOS re-
on the one hand, and of broadened direct transitions sudated FS features in a CIE-AS spectrum are quite insensi-
as A of Fig. 1(a), on the other hand. The complex tive to Av and provide a more straightforward measure of
dependencies of the intensities of various features [notehe FS dimensions [11]. The spectra possess a substantial
e.g., prominent white spots J in Fig. 1(b)] result frompolarization dependence which may in some cases help
subtle interplay between effects of matrix elements andielineate spectral details. Differences between Figs. 4(b)
the dispersion and damping of initial and final stateand 1(b) indicate, for example, that the elliptical contours
bands. N involve several contributions which may be differen-
Figures 2 and 3 consider the (110) and (111) surfacesiable via polarized measurements. Tég symmetry is
respectively. Much of the commentary of Fig. 1 aboveseen to break down in Fig. 4(b) for thepolarized light
for the (100) surface is applicable with obvious changegonsidered. Finally, concerning thg and k-resolution
and need not be repeated. With increasitifj, the effects, a comparison of Figs. 4(c) and 1(b) shows that the
imprint of the direct transitions (e.g4’ or A”) becomes energy resolution of even as much as 200 meV does not
progressively more diffuse while the DOS related FSdegrade FS features substantially. The spectra are, how-
features (e.g.G’ or G”) gain in prominence. For the ever, more sensitive tb resolution as seen from Fig. 4(d)
(110) surface, the necks project into two dark sp¥fs  where the spectrum for an approximateRyahalyzer ac-
and N; which are seen together with the intersecti®h  ceptance window is simulated. The intrinsic accuracy
of the Cu FS with the (110) plane in Figs. 2(b) and 2(c).with which the FS dimensions may be measured via the
On the (111) surface, the white ring S near the centemew DOS features would therefore be limited mainly by
present even wheld is small, Fig. 3(a), is not a bulk thek resolution of the experiment; this is also the case for
transition but the well known Shockley state on Cu(111)FS determination using direct transitions.
in the bulk band gap on the hexagonal Brillouin zone face. Concerning relevant experiments, we are not aware
The center of Figs. 3(b) and 3(c) also contains the neckf any literature where DOS type FS signatures in the

N"" although the boundary of the associated dark spot i€|E-AS spectra have been investigated along the lines
masked by the surface state S. In this connection, we

have carried out simulations wherein the position of the 5 [z &
surface barrier in the computations was placed in such a r

way that the (111) surface state was artificially removed
with little change in the bulk bands; the resulting CIE-AS
spectrum, Fig. 3(d), now shows clearly the dark spét

due to the neck around the center.

The question of how the present spectra are affected by
various experimental parameters—especially the energy
and polarization direction of the incident photons, and the
energy andk resolution of the detector—deserves some
comment. To this end, many additional CIE-AS spectra

E; = 208V

M Mo Surace State
a) - -

A [O01] AN ) L N, G M

L, =1B0eV ¥, = 200V

a) % = 01eV b) % =208V c) I =160eV FIG. 3. Same as Fig. 1, except that this figure refers to the
(111) surface. (d) The spectrum corresponding to (b) where
FIG. 2. Same as Fig. 1, except that this figure refers to thehe Shockley state aroung, = 0 has been removed to expose
(110) surface. the imprint of the (111) neck.
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of supercomputer time at NERSC and the Pittsburgh Su-
percomputer Centers.
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