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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 surf&& can no longer be defined as
separating occupied from unoccupied one-electron stat&ssipace, but is rather given by the location of
discontinuities in the momentum distribution functiafk). 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,@ndiTe
Cu(001) as test case$S0163-182307)00820-5

The knowledge of the Fermi surfa€€S) is a crucial pre- We demonstrate the usefulness of this method by applica-
requisite for understanding the electronic properties of dion on Cu and 1T-TiTg While Cu is a conventional three-
metal! The standard method of measuring the FS is based odimensional metal, TiTe crystallizes in the layered
the de Haas-van AlphefdHvA) effecf and determines the 1T-Cdl, structure and has quasi-two-dimensional electronic
external cross-sectional area of the FS in a plane normal tproperties. ltgsemjmetallic behavior results from an over-
an applied magnetic field. During the last few years a methodap of Te S and Ti 3d-derived bands. As we have demon-
based on angle-resolved photoemission spectroscogstrated earlier, TiTg is an ideal reference material for
(ARPES has been establish¥d that is capable of giving a electron-spectroscopic studies of Fermi-liquid beha(io?.
direct imageof two-dimensional FS cross sections. Here,Besides dimensionality, both materials differ strongly in
photoelectrons originating from a small energy window cen-+heir conduction-band widths. Whereas thp-band of Cu
tered at the Fermi level are measured as a function of thehows large free-electron-like dispersions, the dit&and of
emission angle, i.e., as a function of the wave vedtor TiTe, is very narrow with an occupied bandwidth of only
When a conduction band crosses the Fermi energy, and100 meV’
hence the detection window, it will give rise to an intensity The experiments have been performed with a VG
maximum, whose location is identified with the Fermi vectorESCALAB Mk. 2 spectrometer equipped with a two-axis
ke. Measuring the photoelectrons over the entire half spacenanipulator that allows computer-controlled sample
above the sample surfaté thus yields a map of the FS rotation'* The data presented here were obtained at room
contour in thek-space surface probed with a given photontemperature with He-I radiatiorh¢=21.2 e\j and a width
energy. This interpretation of the experiment is based on thAE of the energy window of 100 meV. The angular resolu-
usual one-electron band picture in which the FS separaté#®on was+1.75°. The location of the Fermi energy was de-
occupied from unoccupied stateskrspace. termined by the Fermi edge of a polycrystalline In sample.

Difficulties can arise in the case of narrow band systemsThe TiTe crystals were cleaveth situ by knocking off a
i.e., if the bandwidth is not large or even smaller than thesteel post glued on top of the sample. Typical sample sizes
detection energy window. As we will show below, the mea-were 5<5 mm. The C(002) crystal(diameter~12 mm) was
sured intensity maximum will then be off the true FS. Fur-prepared by repeated cycles of Asputtering and annealing.
thermore, in these materials the band narrowing is ofterSurface quality has been checked by x-ray photoemission
caused by strong correlation effects, which make the picturspectroscopy and low energy electron diffraction measure-
of a one-electron band crossing the Fermi level and changinments.
from occupied to unoccupied highly questionable. Here we The experiments are complemented with first-principles
present a method that solves both problems by utilizing thelectronic band-structure calculations based on density-
many-body theoretical generalization of the FS concept tdunctional theory and the local-density approximation. As a
Fermi liquid systems, in which the Fermi vectors are defineccalculational scheme we employed the augmented spherical
by the location of discontinuities in the momentum distribu-waves(ASW) method? in its scalar-relativistic implementa-
tion n(k). This approach not only allows us to extend thetion. The calculations on TiGevere performed in much the
FS mapping technique to materials with strongly interactingsame way as in our previous pager.
electrons, but also leads to less stringent requirements on Figure Xa) shows the intensity distribution of photoelec-
energy resolution. trons excited from the Fermi level of Ti}.€The most promi-

0163-1829/97/580)/134736)/$10.00 55 13473 © 1997 The American Physical Society



13474 TH. STRAUB et al. 55

a) Intensity

b) Theory

TR I I P I B R '
T T T T T

by -
| BB - NN (LN
I I
L i

=
=t

ey
e
i L
L

=

=t
il

¢) | Gradient | d) | log. Gradient |

PR | J.lJ.llllI.i=i||lI.llllllillJliilllLlJlllJLJ
+ + * * T 1

i PR .

L

PP R A = P
T rrrr YT rr tryr et

L L N L L

PRl IPEEPEE I EPRS BRI O RS S CR A A bt L MW T
+ B e A

: ; : ; : 3 1
kll,r. (‘E‘l) k||1x (A-l)

-
o’

FIG. 1. (Colon (a) Photoemission intensity mag(k) for excitations from the Fermi level of Titdhv=21.2 e\). The Brillouin zone
is indicated.(b) Corresponding Fermi-surface contours obtained from an ASW band calcul&tjoModulus of the two-dimensional
gradient|V,w(k)| of the map in(a). (d) Modulus of the logarithmic gradien¥  Inw(k)|

nent features are the “cigar-shaped” intensity maxima censpot at thd” point. Note that we can also access parts of the
tered at theM points, which originate from the Ti®band. second BZ(in the periodic zone schemeThe identification
The observed intensity pattern reflects the threefold symmesf the intensity maxima becomes possible by comparison to
try of the crystal structure that requires a distinction betweerconventional band mapping resulnd to a corresponding

M andM’ points’ Though the electronic band structure it- FS cut derived from our ASW calculatiofiBig. 1(b)]. Ap-

self does not deviate much from sixfold symmetry in theparently, the overall shape of the measured intensity map is
hexagonal T structure] the optical transition matrix ele- already in good agreement with the calculated FS topology.
ments are strongly affected by photoelectron diffraction offHowever, thecontoursof the Ti 3d-derived electron pockets
the three Te atoms sitting atop each Ti $it&lear the center at theM point(s) are clearly not resolved. This is a conse-
of the Brillouin zone(BZ) three Te P bands cross the Fermi quence of the very narrooccupied width of the Ti 3d
level very close to each other, giving rise to a broad intensitypband. Its highest binding energy accessible by He-I radiation
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ke) and that the used energy window is of rectangular shape.

narrow band system wide band system . ) ) )

a) [dispersion E() ) : T The measured mtensuwo(k_) is then proportlonal ta(k)

. ke | and shows.aﬁ'=(.) apd for idealk resolqtlon @k=0) the
-l R e + I expected discontinuity &g leads to aslike singularity in

5 | e energy | ap_ .1'_- » the modulus of the gradief¥,n(k)|. For finite temperature
2 { ‘ ‘wmdow? S T and angular resolutioA ¢ the step in the integrated inten-
= : sity [shown here aw/(k)] will become continuous due to an
= ! effective overalk broadening\k.!” However, the maximum
b) Viw(k)l of |V,w(Kk)| still clearly indicates the correct location of the

Fermi vector.

The application of this method to the measured intensity
distribution of TiTe is shown in Fig. 1c), which contains a
map of the(two-dimensionadl gradient|V,w(k)|. In contrast
to the bare intensity data one can now identify real FS con-
tours, especially those of the Td3pockets at theM (M)
points. Also the broad intensity spot due to the Te

FIG. 2. Schematic representation of the integrated photoemisSp'de”Ved FS sheets is resolved into two concentric con-

sion intensityw(k) and its derivative for experiments on narrow tours around thé" point. The third predicted shefdf. Fig.

band (bandwidth <AE) and wide band systemgbandwidth ~ 1(0)] is not observed, but we should mention here that the
>AE). (a) DispersionE(k) of a narrow band. (b) Integrated in-  Situation is more complicated than for the Td Band, due to
tensitieswg(k) for T=0 and Ak=0 (black curvé andw(k) for  the much larger bandwidth and the near degeneracy of the Te
T>0 and Ak>0 (black dashed curye The maximum of 5p bands. The map of the gradient still contains the large
|Viw(k)| (gray curve occurs precisely at the Fermi vectorc)  intensity variations present in the original dé¢ag., between
Same ad@), but for a wide band. (d) Behavior ofw(k) and its  the M andM’ pointg because they are caused by the modu-
derivative in the wide band cassee text for discussion lating matrix element that enters essentially as a factor. To a

is only 70 meV/(Ref. 7) and therefore comparable with the fI'St @pproximation its effect can be largely suppressed by
normalizing the gradient to the bare intensity distribution,

width of the energy detection window. In this case the ex-, ] ) ) -
perimental intensity distributionv(k) no longer represents -6 Dy taking thelogarithmic gradient [V, w(k)|/w(k)
the position of the Fermi vectors, but rather measures th& | VkInW(k)| [Fig. 1(d)]. Unfortunately, it also leads to a
integrated peak intensity and thus becomes proportional t8yStematic shift of the gradient maximum towards lower
the momentum distribution function n(k) w(k) values on the scale of thek (the applled< resolution
= dw A(k,0)fep(@,T) [Wherew is the energy relative seen, e._g.,_by the somewhat _broader digckets. Thus_, for
* _ _ i a quantitative FS determination the use of Hase gradient

to Er, A(k, ) is the single-particle spectrum affigh repre- || generally yield more precise data.
sents the Fermi-Dirac distributipnThis interpretation goes The described method is not only useful for narrow band
well beyond the conventional independent-electron pictur%ystemS, but also serves to enhance FS information on sys-
and assumes that the ARPES signal is proportional t@ams with large conduction-band widthsompared toAE),
A(k,).** While this still needs to be generally verified, \hich is sketched in Figs.(® and 2d). In this case, the
many aspects of ARPES data on TjTare indeed found to  phand will remain outside the detection window for wave vec-
be in excellent agreement with single-particle spectra exgrs far fromke . As the band disperses towars, it even-
pected from a Fermi liquid-*° Furthermore, it has recently tyally enters the energy window resulting in a rise of the
been demonstrated by ARPES on cuprate SUpercofineasured intensity(k). The signal drops again sharply at
ductors>*® that n(k) is a useful quantity in the study of the Fermi vector when the bandr rather the quasiparticle
highly correlated metals. In general, the measured intensifijeay crosses the Fermi level, which is equivalent to the
distributionw(k) is additionally modulated by k-dependent  gjiscontinuity inn(k). For finite temperature and resolution
transition matrix elementM;(k)|?, which in the case of the maximum ofw(k), which in the usual interpretation of
TiTe; is responsible for the mentioned intensity differencesthis experimental technique is thought to reflect the FS,
between theVl andM " points and also between the first and therefore,does not occur exactlgit ke, but will be shifted
second BZ. slightly towards the “occupied” side. However, of the two

In order to extract_precise Fermi—surface informgtiqn frommaxima of the gradienitV,w(k)|, the one on the “unoccu-
the data, we now utilize the fact that in a Fermi liquid-type pied” side still accurately reflects the Fermi vector. Without
metaln(k) displays at each Fermi vectkg a discontinuous  prior knowledge of the band structure there are two possi-
step, whose size equals the quasiparticle weight f&clor. pjjities to distinguish the “real” maximum from the artifact:
fact, this discontinuity marks the generalized definition of a
FS in an interacting many-electron systefigures ?a) and
2(b) give a schematic illustration of the experimental condi-
tions for a narrow band system, where the occupied ban
always stays within the energy window of the experiment.(ii) The maximum of V,w(k)| atkg is expected to be more
For simplicity it is assumed that the transition matrix element intense because it results from the sudden lossdlike
is a slowly varying function ok (at least in the vicinity of guasiparticle peak, whereas the artifact results from the

intensity

wave number k wave number k

(i) the k vector of the artifact depends on the widifE of
the detection window, whereas the discontinuity always
g occurs atkr .
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FIG. 3. (Color Top: Fermi-level intensity map of Q001). The surface Brillouin zone is indicated. Bottom: Modulus of the gradient
(IVw(k)|) of the intensity map, together with the theoretical FS contblack line.

continuous penetration of a lifetime broadened peak intshows that the position of the intensity maximum along the
a typically Gaussian energy window, given by the instru-I'-M direction of the surface BAoes not coincidavith an
mental response function. independent determination of the Fermi vector from the mea-
sured dispersion of thep band(Fig. 4), as obtained from
This is illustrated on C@01) as an example. Figure 3 energy distribution curves on the same surface. Rather, it
shows the corresponding intensity map, which agrees witlappears slightly shifted towards the BZ center. Also shown
that of other workeré.The observed pattern approximately in Fig. 3 is the gradientV,w(k)| of the intensity distribu-
reflects a cut through the FS of tk@ band, which is occu- tion. In line with our above discussion, we now find two sets
pied in the center of the BZ. However, a closer inspectiorof maxima, the outer and more intense of which is inter-
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vector determination is given by the unique identification of
the maximum positiorfindicated by the error bar in Fig. 4
and thus much smaller thakk. For our data analysis on Cu
this amounts to an experimental uncertainty-o8x 10 2
A1 compared to %10 % A~! (0.2% of the FS radiys
achieved in low-temperature dHvA measureméithe
lower resolution of the ARPES method, however, is out-
weighed by a number of significant advantages. We already
mentioned the direct mapping of FS contours, which with
additional variation of the photon energy can be used to ob-

Pip/mp| <D

0.0

Iq>) -04 4 experimental ol tain a complete picture of the & Furthermore and in con-

i 1 dispersion Rl : trast to dHvA, our method is not limited to materials with

= 0.8 ,,- : : low electron scattering rates and to low temperatures, which,

UIJ . m : § e.g., allows to study electronic phase transition at several
124 . 5 : hundreds K22

— - T T 1 In conclusion, we have shown that utilizing the disconti-
07 08 09 1 10 1 nuity in the momentum distribution(k) not only extends
k” [A7] the method of FS mapping by photoemission to metals with
extremely narrow bands, but also enhances the precision of
FIG. 4. Experimental dispersion of thep band along the Fermi vector determination in the application to wide band
I-M azimuth of C001) as obtained from energy distribution Systems. The accuracy of this method is only limited by the
curves (squares compared to the measured intensityk) (open  instrumentalk broadening(i.e., angle resolutionand no
dots and the modulus of its derivativéfilled dots (A6#= longer by the energy resolution. This allows the use of rather
+0.75°, AE=200 me\. Line A denotes the Fermi vector obtained large energy windows resulting in considerably higher count
from an extrapolation of the measured dispersidashed curve rates than in the conventional mode. Finally, we note that
that coincides very well with the maximum ¢dw(k)/dk|. Also  this approach is not restricted to systems with Fermi-liquid
shown is the location of the maximum (k) (line B). behavior, but is also applicable to more exotic many-body
states such as marginal Fermi liquids or Luttinger liquids.
Because some of these systems have vanishing weight at the
preted as the true contour of the FS. Its positions, alondrermi level?> modulations im(k) have to be determined by
I-M is now perfectly consistent with the Fermi vector ob- accumulating photoelectrons over a sufficiently wide energy
tained from thesp-peak dispersion. In contrast, the inner fange, ideally being the entire conduction-band width. De-
“artifact” contour appears slightly broader and less intense SPité the absence of quasiparticles and hence a discontinuity,
as expected from our model. We have also calculated the Fé§ere will still be an anomaly im(k) and consequently a
contour with our ASW method using an inner potential of maximum in|V,n(k)| atkg, facilitating the determination
8.5 eV relative toEg (Ref. 18 for the relevank-space cut. ©Of a generalized FS.
The theoretical FS is superimposed on fRgw(k)| map of
Fig. 3 and shows excellent agreement with the outer experi- We wish to thank J. Osterwald€Zurich) and P. Aebi
mental contour. These results clearly demonstrate the reliFribourg for sharing with us the technology for Fermi sur-
ability of the method presented here. face mapping. We are also grateful to Z.-X. Sti&tanford
Figure 4 also illustrates the accuracy of the method. Whildor helpful discussions. This work was supported by the
the experimentak resolutiort’ is reflected in the width of Deutsche Forschungsgemeinsch&EB 277 and Grant No.
the structures iV, w(k)|, the actual uncertainty in Fermi 149/17-1,2 and by the BMBF.
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