
PHYSICAL REVIEW B 15 MAY 1997-IIVOLUME 55, NUMBER 20
Many-body definition of a Fermi surface: Application to angle-resolved photoemission
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In real metals with interacting conduction electrons a Fermi surface~FS! can no longer be defined as
separating occupied from unoccupied one-electron states ink space, but is rather given by the location of
discontinuities in the momentum distribution functionn(k). Here we show that this many-body theoretical
definition provides a valuable prescription for FS measurements by angle-resolved photoemission, which
compared to conventional FS mapping not only extends the method to metals with extremely narrow bands,
but also enhances its precision in the application to wide band systems. We demonstrate this on TiTe2 and
Cu~001! as test cases.@S0163-1829~97!00820-5#
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The knowledge of the Fermi surface~FS! is a crucial pre-
requisite for understanding the electronic properties o
metal.1 The standard method of measuring the FS is base
the de Haas-van Alphen~dHvA! effect2 and determines the
external cross-sectional area of the FS in a plane norma
an applied magnetic field. During the last few years a met
based on angle-resolved photoemission spectrosc
~ARPES! has been established3–5 that is capable of giving a
direct imageof two-dimensional FS cross sections. He
photoelectrons originating from a small energy window ce
tered at the Fermi level are measured as a function of
emission angle, i.e., as a function of the wave vectork.
When a conduction band crosses the Fermi energy,
hence the detection window, it will give rise to an intens
maximum, whose location is identified with the Fermi vec
kF. Measuring the photoelectrons over the entire half sp
above the sample surface3–5 thus yields a map of the FS
contour in thek-space surface probed with a given phot
energy. This interpretation of the experiment is based on
usual one-electron band picture in which the FS separ
occupied from unoccupied states ink space.

Difficulties can arise in the case of narrow band syste
i.e., if the bandwidth is not large or even smaller than
detection energy window. As we will show below, the me
sured intensity maximum will then be off the true FS. Fu
thermore, in these materials the band narrowing is of
caused by strong correlation effects, which make the pic
of a one-electron band crossing the Fermi level and chan
from occupied to unoccupied highly questionable. Here
present a method that solves both problems by utilizing
many-body theoretical generalization of the FS concep
Fermi liquid systems, in which the Fermi vectors are defin
by the location of discontinuities in the momentum distrib
tion n(k).6 This approach not only allows us to extend t
FS mapping technique to materials with strongly interact
electrons, but also leads to less stringent requirements
energy resolution.
550163-1829/97/55~20!/13473~6!/$10.00
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We demonstrate the usefulness of this method by appl
tion on Cu and 1T-TiTe2. While Cu is a conventional three
dimensional metal, TiTe2 crystallizes in the layered
1T-CdI2 structure and has quasi-two-dimensional electro
properties. Its~semi!metallic behavior results from an ove
lap of Te 5p and Ti 3d-derived bands. As we have demo
strated earlier, TiTe2 is an ideal reference material fo
electron-spectroscopic studies of Fermi-liquid behavior.7–10

Besides dimensionality, both materials differ strongly
their conduction-band widths. Whereas thesp-band of Cu
shows large free-electron-like dispersions, the Ti 3d band of
TiTe2 is very narrow with an occupied bandwidth of on
;100 meV.7

The experiments have been performed with a V
ESCALAB Mk. 2 spectrometer equipped with a two-ax
manipulator that allows computer-controlled samp
rotation.11 The data presented here were obtained at ro
temperature with He-I radiation (hn521.2 eV! and a width
DE of the energy window of 100 meV. The angular reso
tion was61.75°. The location of the Fermi energy was d
termined by the Fermi edge of a polycrystalline In samp
The TiTe2 crystals were cleavedin situ by knocking off a
steel post glued on top of the sample. Typical sample s
were 535 mm. The Cu~001! crystal~diameter;12 mm! was
prepared by repeated cycles of Ar1 sputtering and annealing
Surface quality has been checked by x-ray photoemiss
spectroscopy and low energy electron diffraction measu
ments.

The experiments are complemented with first-princip
electronic band-structure calculations based on dens
functional theory and the local-density approximation. As
calculational scheme we employed the augmented sphe
waves~ASW! method12 in its scalar-relativistic implementa
tion. The calculations on TiTe2 were performed in much the
same way as in our previous paper.7

Figure 1~a! shows the intensity distribution of photoele
trons excited from the Fermi level of TiTe2. The most promi-
13 473 © 1997 The American Physical Society
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FIG. 1. ~Color! ~a! Photoemission intensity mapw(k) for excitations from the Fermi level of TiTe2 (hn521.2 eV!. The Brillouin zone
is indicated.~b! Corresponding Fermi-surface contours obtained from an ASW band calculation.~c! Modulus of the two-dimensiona
gradientu¹kw(k)u of the map in~a!. ~d! Modulus of the logarithmic gradientu¹klnw(k)u
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nent features are the ‘‘cigar-shaped’’ intensity maxima c
tered at theM points, which originate from the Ti 3d band.
The observed intensity pattern reflects the threefold sym
try of the crystal structure that requires a distinction betwe
M andM 8 points.7 Though the electronic band structure
self does not deviate much from sixfold symmetry in t
hexagonal 1T structure,7 the optical transition matrix ele
ments are strongly affected by photoelectron diffraction
the three Te atoms sitting atop each Ti site.13 Near the center
of the Brillouin zone~BZ! three Te 5p bands cross the Ferm
level very close to each other, giving rise to a broad inten
-

e-
n

f
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spot at theG point. Note that we can also access parts of
second BZ~in the periodic zone scheme!. The identification
of the intensity maxima becomes possible by comparison
conventional band mapping results7 and to a corresponding
FS cut derived from our ASW calculations@Fig. 1~b!#. Ap-
parently, the overall shape of the measured intensity ma
already in good agreement with the calculated FS topolo
However, thecontoursof the Ti 3d-derived electron pockets
at theM point~s! are clearly not resolved. This is a cons
quence of the very narrow~occupied! width of the Ti 3d
band. Its highest binding energy accessible by He-I radia
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55 13 475MANY BODY DEFINITION OF A FERMI SURFACE: . . .
is only 70 meV~Ref. 7! and therefore comparable with th
width of the energy detection window. In this case the e
perimental intensity distributionw(k) no longer represent
the position of the Fermi vectors, but rather measures
integrated peak intensity and thus becomes proportiona
the momentum distribution function n(k)
5*

2`
` dv A(k,v) f FD(v,T) @wherev is the energy relative

to EF, A(k,v) is the single-particle spectrum andf FD repre-
sents the Fermi-Dirac distribution#. This interpretation goes
well beyond the conventional independent-electron pict
and assumes that the ARPES signal is proportional
A(k,v).14 While this still needs to be generally verified
many aspects of ARPES data on TiTe2 are indeed found to
be in excellent agreement with single-particle spectra
pected from a Fermi liquid.7–10 Furthermore, it has recentl
been demonstrated by ARPES on cuprate superc
ductors15,16 that n(k) is a useful quantity in the study o
highly correlated metals. In general, the measured inten
distributionw(k) is additionally modulated by ak-dependent
transition matrix elementuM if (k)u2, which in the case of
TiTe2 is responsible for the mentioned intensity differenc
between theM andM 8 points and also between the first an
second BZ.

In order to extract precise Fermi-surface information fro
the data, we now utilize the fact that in a Fermi liquid-ty
metaln(k) displays at each Fermi vectorkF a discontinuous
step, whose size equals the quasiparticle weight factor.6 In
fact, this discontinuity marks the generalized definition o
FS in an interacting many-electron system.6 Figures 2~a! and
2~b! give a schematic illustration of the experimental con
tions for a narrow band system, where the occupied b
always stays within the energy window of the experime
For simplicity it is assumed that the transition matrix elem
is a slowly varying function ofk ~at least in the vicinity of

FIG. 2. Schematic representation of the integrated photoe
sion intensityw(k) and its derivative for experiments on narro
band ~bandwidth !DE) and wide band systems~bandwidth
@DE). ~a! DispersionE(k) of a narrow band. ~b! Integrated in-
tensitiesw0(k) for T50 andDk50 ~black curve! andw(k) for
T.0 and Dk.0 ~black dashed curve!. The maximum of
u¹kw(k)u ~gray curve! occurs precisely at the Fermi vector.~c!
Same as~a!, but for a wide band. ~d! Behavior ofw(k) and its
derivative in the wide band case~see text for discussion!.
-

e
to

e
to

-

n-

ty

s

-
d
t.
t

kF! and that the used energy window is of rectangular sha
The measured intensityw0(k) is then proportional ton(k)
and shows atT50 and for idealk resolution (Dk50) the
expected discontinuity atkF leads to ad-like singularity in
the modulus of the gradientu¹kn(k)u. For finite temperature
T and angular resolutionDu the step in the integrated inten
sity @shown here asw(k)# will become continuous due to a
effective overallk broadeningDk.17 However, the maximum
of u¹kw(k)u still clearly indicates the correct location of th
Fermi vector.

The application of this method to the measured intens
distribution of TiTe2 is shown in Fig. 1~c!, which contains a
map of the~two-dimensional! gradientu¹kw(k)u. In contrast
to the bare intensity data one can now identify real FS c
tours, especially those of the Ti 3d pockets at theM (M 8)
points. Also the broad intensity spot due to the
5p-derived FS sheets is resolved into two concentric c
tours around theG point. The third predicted sheet@cf. Fig.
1~b!# is not observed, but we should mention here that
situation is more complicated than for the Ti 3d band, due to
the much larger bandwidth and the near degeneracy of th
5p bands. The map of the gradient still contains the la
intensity variations present in the original data~e.g., between
theM andM 8 points! because they are caused by the mod
lating matrix element that enters essentially as a factor. T
first approximation its effect can be largely suppressed
normalizing the gradient to the bare intensity distributio
i.e., by taking the logarithmic gradient u¹kw(k)u/w(k)
5u¹klnw(k)u @Fig. 1~d!#. Unfortunately, it also leads to a
systematic shift of the gradient maximum towards low
w(k) values on the scale of theDk ~the appliedk resolution!
seen, e.g., by the somewhat broader Ti 3d pockets. Thus, for
a quantitative FS determination the use of thebare gradient
will generally yield more precise data.

The described method is not only useful for narrow ba
systems, but also serves to enhance FS information on
tems with large conduction-band widths~compared toDE!,
which is sketched in Figs. 2~c! and 2~d!. In this case, the
band will remain outside the detection window for wave ve
tors far fromkF . As the band disperses towardsEF , it even-
tually enters the energy window resulting in a rise of t
measured intensityw(k). The signal drops again sharply a
the Fermi vector when the band~or rather the quasiparticle
peak! crosses the Fermi level, which is equivalent to t
discontinuity inn(k). For finite temperature and resolutio
the maximum ofw(k), which in the usual interpretation o
this experimental technique is thought to reflect the F
therefore,does not occur exactlyat kF , but will be shifted
slightly towards the ‘‘occupied’’ side. However, of the tw
maxima of the gradientu¹kw(k)u, the one on the ‘‘unoccu-
pied’’ side still accurately reflects the Fermi vector. Witho
prior knowledge of the band structure there are two po
bilities to distinguish the ‘‘real’’ maximum from the artifact

~i! the k vector of the artifact depends on the widthDE of
the detection window, whereas the discontinuity alwa
occurs atkF .

~ii ! The maximum ofu¹kw(k)u at kF is expected to be more
intense because it results from the sudden loss of ad-like
quasiparticle peak, whereas the artifact results from

s-
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FIG. 3. ~Color! Top: Fermi-level intensity map of Cu~001!. The surface Brillouin zone is indicated. Bottom: Modulus of the gradi
(u¹kw(k)u) of the intensity map, together with the theoretical FS contour~black line!.
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continuous penetration of a lifetime broadened peak i
a typically Gaussian energy window, given by the inst
mental response function.

This is illustrated on Cu~001! as an example. Figure
shows the corresponding intensity map, which agrees w
that of other workers.4 The observed pattern approximate
reflects a cut through the FS of thesp band, which is occu-
pied in the center of the BZ. However, a closer inspect
o
-

th

n

shows that the position of the intensity maximum along
Ḡ-M̄ direction of the surface BZdoes not coincidewith an
independent determination of the Fermi vector from the m
sured dispersion of thesp band ~Fig. 4!, as obtained from
energy distribution curves on the same surface. Rathe
appears slightly shifted towards the BZ center. Also sho
in Fig. 3 is the gradientu¹kw(k)u of the intensity distribu-
tion. In line with our above discussion, we now find two se
of maxima, the outer and more intense of which is int
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55 13 477MANY BODY DEFINITION OF A FERMI SURFACE: . . .
preted as the true contour of the FS. Its positions, al
Ḡ-M̄ is now perfectly consistent with the Fermi vector o
tained from thesp-peak dispersion. In contrast, the inn
‘‘artifact’’ contour appears slightly broader and less inten
as expected from our model. We have also calculated the
contour with our ASW method using an inner potential
8.5 eV relative toEF ~Ref. 18! for the relevantk-space cut.
The theoretical FS is superimposed on theu¹kw(k)u map of
Fig. 3 and shows excellent agreement with the outer exp
mental contour. These results clearly demonstrate the
ability of the method presented here.

Figure 4 also illustrates the accuracy of the method. Wh
the experimentalk resolution17 is reflected in the width of
the structures inu¹kw(k)u, the actual uncertainty in Ferm

FIG. 4. Experimental dispersion of thesp band along the
Ḡ-M̄ azimuth of Cu~001! as obtained from energy distributio
curves~squares! compared to the measured intensityw(k) ~open
dots! and the modulus of its derivative~filled dots! (Du5
60.75°,DE5200 meV!. LineA denotes the Fermi vector obtaine
from an extrapolation of the measured dispersion~dashed curve!
that coincides very well with the maximum ofudw(k)/dku. Also
shown is the location of the maximum inw(k) ~line B!.
-
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vector determination is given by the unique identification
the maximum position~indicated by the error bar in Fig. 4!
and thus much smaller thanDk. For our data analysis on C
this amounts to an experimental uncertainty of;331022

Å21, compared to 331023 Å21 ~0.2% of the FS radius!
achieved in low-temperature dHvA measurements.19 The
lower resolution of the ARPES method, however, is o
weighed by a number of significant advantages. We alre
mentioned the direct mapping of FS contours, which w
additional variation of the photon energy can be used to
tain a complete picture of the FS.20 Furthermore and in con
trast to dHvA, our method is not limited to materials wi
low electron scattering rates and to low temperatures, wh
e.g., allows to study electronic phase transition at sev
hundreds K.22

In conclusion, we have shown that utilizing the discon
nuity in the momentum distributionn(k) not only extends
the method of FS mapping by photoemission to metals w
extremely narrow bands, but also enhances the precisio
Fermi vector determination in the application to wide ba
systems. The accuracy of this method is only limited by
instrumentalk broadening~i.e., angle resolution! and no
longer by the energy resolution. This allows the use of rat
large energy windows resulting in considerably higher co
rates than in the conventional mode. Finally, we note t
this approach is not restricted to systems with Fermi-liq
behavior, but is also applicable to more exotic many-bo
states such as marginal Fermi liquids or Luttinger liquid
Because some of these systems have vanishing weight a
Fermi level,22 modulations inn(k) have to be determined b
accumulating photoelectrons over a sufficiently wide ene
range, ideally being the entire conduction-band width. D
spite the absence of quasiparticles and hence a discontin
there will still be an anomaly inn(k) and consequently a
maximum in u¹kn(k)u at kF , facilitating the determination
of a generalized FS.
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