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Evidence for a hole-like Fermi surface of BySr,CuOg from temperature-dependent
angle-resolved photoemission spectroscopy
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We report temperature-dependent angle-resolved photoemission spectrOS8BHES on superstructure-
free Biy gdPhy 365K 01CUG;_ 5 (overdopeT.<4 K) to study the topology of the Fermi surface. The temperature
dependence of ARPES spectra unambiguously shows the existence of a dispersive band th& calesgs
the (,0)-(7r,7) cut, indicating a holelike Fermi surface centered(atr). We also found that the spectral
intensity is strongly affected b+dependent matrix elements but the spectral function itself suffers no photon-
energy dependence.
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[. INTRODUCTION with various different methods to determine the FS topology,
but a final consensus has not yet been obtained.
One of main difficulties in precisely determining the

® i i t which an infinitel I . Fermi-level crossing or the Fermi vectdt) by ARPES lies
I momentum space at which an infinitely smail €nergy IS, yq inherent nature of the photoemission process; photo-

_required to <_:r_eate electron_ic exitation,_ plays an esse_ntial rolgmission spectroscopy probes only the occupied states. In
in characterizing the_physmal properties of solids. Since th%RPES,kF is usually determined by finding & point at
topology of the FS is glosely relatgd to the transport and,hich a peak in the ARPES spectrum dispersing towggd
thermodynamic properties, the relation between the FS tog,qdenly loses its intensity. This procedure has been widely
pology and the anomalous physical properties has been ifseq and proved to be very successful in the case where the
tensively discussed in many materials. Angle-resolved phopand dispersion is experimentally well defined within the
toemission spectroscopARPES is a unique and powerful  experimentalenergy and momentunesolution of ARPES.
experimental technique to study the momentum-resolven the other hand, it has gradually become clear that this
electronic structure. By use of this unique capability, ARPESmethod has a limitation in the case where the peak is located
has elucidated the electronic band structure and the Fermiery close toEr with no substantial dispersion. The present
surface of many interesting materials. In fact, observation otontroversy on the FS topology in Bi2212 is exactly the
a large holelike FS centered afmw,m) in high-T, latter case; a very flat band closeEg (extended Van Hove
superconductot$ (HTSC's) has served as an essential ex-singularity is situated around ther,0) point. As an alterna-
perimental basis for modeling the high-mechanism. How- tive way to determinekg precisely, several methods have
ever, a recent ARPES study on,Bi,CaCyOg (Bi2212)  been proposed, such as taking a maximum gradient of the
with higher-energy photons has raised a question on the holenomentum distribution functiofiVn(k) method® and plot-

like FS scenario, proposing an electronlike FS centeré@l,at ting ARPES intensity aEr as a function ok.}* However, it

0).2 This proposal has stimulated many ARPES stuidis is found that either is not decisive due to a considerable

The Fermi surfac€FS), defined as a set of wave vectors
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FIG. 1. ARPES intensity as a function of binding energy and i i ’ | i i " 1
momentum for Bj gPhy 365t 0;CUOs_ 5 (T.<4 K), measured at 25 80" 160, 40 20 Ep <20 40 60
K with 22-eV photons along several cuts parallel§0)-(,m) in Binding Energy (meV)
the Brillouin zone(see inset Filled circles in the inset shokg's
determined by th&n(k) method.

FIG. 2. ARPES spectra nedtg of Bi; gPhy 3656 01CUGs_ 5
measured with Hed photons along thé,0)-(7,7) cut at 13.5 K
(solid lineg and 140 K(broken lines.

influence from the finite energy and momentum resolution as [ll. RESULTS AND DISCUSSION
well as the dipole matrix element. It is also noted that the
incommensurate superstructure in the BiO layer complicate
the interpretation of ARPES data in Bi221%'6

In this paper we report a temperature-dependent ARPE

In Fig. 1 we plot the ARPES intensity as a function of
Binding energy and momentum for BiPky 3656, 01CUGs _ 5
easured at 25 K with 22-eV photons along several cuts
arallel to (7,0)-(7r,7). It is at first noted that there is no

study on _superstructure-free  Pb-substituted,SBCUQ; o ygitional peakgbands in this energy and momentum re-
$8-11where several

(Bi2201). The absence of a superstructure in the BiO Iayergion in contrast to the Bi2212 ca&e®

removes the complication due to overlapping from umklappumldapp bands due to the BiO superstructure appear and
bands in analyzing ARPES spectra. Further, the temperatuigeriap the main band. This clearly indicates that the present
dependence of ARPES spectra has unambiguously revealgg201 crystal is free from the superstructure and appropri-
the exact locatiortabove or belowEg) of a band neaEr  ate to study the genuine Fermi surface originating in the
decisive for the determination of the FS topology. CuQ, layer. As found in Fig. 1, the energy dispersion away
from the (7,0) point is very steep and shows a clear Fermi-
level crossing ki), indicating that the bottom of the band is
[l. EXPERIMENT actually located beloviEz . When one approaches tke,0)
) ) ) point, the band gradually becomes less dispersive and finally
Single  crystals  of  Pb-substituted  Bi2201 gimost dispersionless around the,0) point. This indicates
(Biy gdPhy 38512,01CUGs - 5) were grown by the traveling- the existence of an extended Van Hove singula(ijiS)
solvent floating-zone methdd. The transmission electron very close to Er, commonly observed in hole-doped
microscopy confirmed no structural modulation in the crystaHTSC’s. One of the key points to differentiate a holelike and
(BiO layen. The crystal does not show superconductivity an electronlike FS is the position of the band relative toat
down to 4 K, indicating the sample is overdoped due to Plthe (7,0) point. If the band is located belo& at (,0), the
substitutiont” ARPES measurements were performed usingopology is holelike and vice versa. However, it is not clear
a GAMMADATA-SCIENTA SES200 spectrometer with a from Fig. 1 whether the band is located below or abByeat
high-flux discharge lamp and a toroidal grating monochro-the (,0) point, although a nonzero ARPES intensity is seen
mator, as well as at the undulator 4m-NIM beam line atbelowEg, because the ARPES might see a thermally broad-
Synchrotron Radiation Center in Wisconsin. We used &le | ened tail of the band located abofz . In order to clarify
(21.218 eV, 22 eV, and 28 eV photons to excite photoelec-this point, we measured the temperature dependence of
trons. The energy and angul@anomentum resolutions were ARPES spectra in thémr,0)-(m,) cut.
set at 11-15 meV and 0.25 deg (0.01 B, respectively. Figure 2 shows nedfr ARPES spectra in the
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FIG. 4. (Color Left panel: temperature dependence of ARPES intensity §Bhy 365, 0:CuGs_ s along the(,0)-(m,7) cut. Right
panel: same divided by the FD function at each temperature convoluted by a Gaussian of a width of energy rékblugdh Dotted lines
show the energy above: at which the FD function takes a value of 0.03. The solid line in the 140-K data indicates the peak position
obtained by fitting with a Lorentzian.
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(m,0)-(mr,7) cut measured at two different temperatures, 13.5 [G) hv=22ev (b) hv=28¢eV (©)
and 140 K. Spectral intensity is normalized to the area undel
the curve from 100 to 200 meV binding ener@ypt shown in Oty
Fig. 2), where we expect a negligible change of the Fermi- _///\
Dirac (FD) function in the temperature range of 13.5-140 K.
The spectrum of 13.5 K dtr,0) shows a sharp peak B,
which gradually reduces its intensity on approachingm)
without any remarkable change of the peak position. Thus it>
is not clear from only the 13.5 K-spectra whether the band is.g‘
below or aboveE at the(r,0) point. In contrast, spectra at §
140 K are significantly broadened due to the temperatures
(FD function effect. We clearly find a transfer of spectral
weight from below to abov&r on increasing temperature,

as shown by the shaded area, because the FD function at 1<
K has a wider tail abovéer. A key point in the present
temperature-dependent ARPES is that the total spectra
weight does not seem to conserve at ekgboint. For ex-
ample, ARPES spectrum &ir,0) looks to lose the total in- FIG. 5. ARPES spectra of BiPhy 3551, :CuQ;_ 5 along the
tensity at 140 K since the increased volume abByeseems  (0,0-(w,0) cut measured witlia) 22-eV and(b) 28-eV photons(c)
smaller than the decreased counterpart belwy while a A comparison of both sets of ARPES spectra after subtracting the
totally opposite behavior is observed (at,0.17m). This ap-  Packground and scaling the intensity.

parent peculiar temperature dependence of ARPES intensity

is understood in terms of the redistribution of electrons obeyfunction show the band dispersion slightly abdee. It is

ing the temperature-dependent FD function and is potentiallyemarked here that the dispersion ab&eis more clearly
used to determine precisely tke point, as demonstrated by seen at higher temperature, because the tail of the FD
previous works>*® It is noted here that the total ARPES function extends more abouge at higher temperature. As
intensity should conserve & .* described above, the importance of distinguishing the FS
In order to determind precisely, we show in Fig. 3 the topology is whether the bottom of the band (at0) is lo-
temperature-dependent integrated ARPES interigky ob-  cated below or abov&r. We have performed numerical
tained by integrating intensity from 100 t6100 meV.I(k)  fitting to the FD-function-divided ARPES spectra with a
corresponds tav (k)n(k), where M (k) is the momentum- single Lorentzian and found that the bottom of the dispersive
dependent dipole matrix element term am(k) is the mo-  band is located at about 5 meV bel@y as shown by a solid
mentum distribution function. The obtaind@k) shows a line in the 140-K data. Thé estimated by the fitting is
maximum intensity atw,0) in each temperature and gradu- (7,0.075-0.017) in good agreement with the estimation
ally decreases on approachifwg ). An important finding in ~ from the temperature-dependent ARPES in Fig. 3. The same
Fig. 3 is thatl(k) at (7,00 monotonously decreases with fit gives about 150 meV A dispersion at the Fermi surface
increasing temperature whilgk) substantially away from along the ¢r,0)- (s, ) direction.
the (7,0) point increases at the same time. Tiik) is found The next important problem to be solved is whether the
to be constant with temperature at a midpoint denoted by thES topology is photon-energy dependent or not, as presently
broken line. According to the discussion above, this point isdiscussed in Bi221%:126 Figures %a) and %b) show
identified as thekg point along the(w,0)-(r,7) cut, indicat-  ARPES spectra along th®,0)-(,0) cut measured with 22-
ing that the band is belo® at the(r,0) point. This clearly and 28-eV photons, respectively. In contrast to the 22-eV
shows that Pb-substituted Bi22Qdverdope,T.<4 K) hasa spectra, the ARPES intensity at 28 eV is substantially sup-
holelike FS centered &tr, ). Thekg from (77,0) is estimated pressed around thém,0) point, as in Bi2212 around 33
to be (77,0.085+0.017). eV>47911gyggesting arEr crossing of the band midway
The holelike FS in overdoped Bi2201 is also confirmedbetween(0, 0) and (7,0) and as a result an electronlike FS
by a different method with the same ARPES data. Photoeentered af0, 0). However, we found that ARPES spectra
emission spectroscopy basically probes only the occupietheasured at the sankepoint with different photon energies
part of electronic states due to the cutoff by the temperature22 and 28 eV are essentially identical after subtracting the
dependent FD function. In reverse, by using the tail of thebackground and scaling the intensity, as shown in Fig).5
FD function aboveEr, we can investigate the electronic This indicates that the spectral function itself suffers no
states slightly abov&r together with the states belo& , photon-energy dependence, but the dipole matrix element
as demonstrated by Grebetral. for Ni.° Figure 4 shows the term considerably modifies the spectral intensity. The present
ARPES intensity along théw,0)-(,7) cut divided by the ARPES result thus unambiguously shows that the FS of
FD function at each temperature convoluted by a GaussiaBi2201 is holelike centered dtr,7) independently of the
with a width of energy resolutionf11 me\). The raw incident photon energy. Further it is naturally expected that
ARPES-intensity plot is also shown for comparison. Inoptimally or underdoped Bi2201 also has a similar holelike
contrast to the raw ARPES data, those divided by the FOFS with a smaller volumé&’ although it is not finally ex-
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cluded that a more heavily overdoped sample may have adipole matrix element term considerably modifies the spec-
electronlike FS as in La ,Sr,CuQ, (LSCO).2+?? tral intensity.
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