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We report angle-resolved photoemission spe@iRPES for emission from the Fermi energ¥f) over a
large area of thek,,k,) plane using 21.2 and 32 eV photon energies in two distinct polarizations from an
optimally doped single crystal of Bsr,CaCyOg. 5 (Bi2212), together with extensive first-principles simula-
tions of the ARPES intensities. The results display a wide-ranging level of accord between theory and experi-
ment, demonstrating that the ARPES matrix elements can produce a striking variety of Fermi surface maps,
especially in the presence of secondary features arising from modulations of the underlying tetragonal system.
Our analysis demonstrates how the energy and polarization dependency of the ARPES matrix element can help
to disentangle the primary contributions to the spectrum from the secondary features and indicates that sec-
ondary features reflect a direct modulation of the Gy@nes.

DOI: 10.1103/PhysRevB.67.014519 PACS nuniber74.72—h, 71.18+y

[. INTRODUCTION parison of extensive first-principles simulations with experi-
ments on a single sample reveals a remarkable, wide-ranging
Angle-resolved photoemission has undergone a revolutiofevel of agreement between experiment and theory, with in-
in the last few years as great strides have been taken i@ividual maps dominated by matrix elements and modula-
energy and momentum resolution. Particularly in connectioriions due to secondary “shadow” and “Umklapp” features,
with the highT, superconducting compounds, these ad-despite the presence of a single underlying bulk electronic
vances portend fundamental progress in understanding tifdructure. Our analysis indicates that the secondary features
nature of strong coupling effects, including Mott gaps, spin-POSSess a matrix element which is intrinsically (_Jllfferent from
charge separation, pseudogap and stripes, so that a robdfdgt for the primary features. By a proper choice of photon
picture of the normal and the superconducting state of thesg"€"9y and polarization specific features in the underlying

materials can be adduced.,Bi,CaCyO. 5 (Bi2212) has glectrohic spectrum can thus be highlighted in generalz and
played an essential role in much of this work aIthoughm particular, closely placed Fermi sheets can be disen-

ARPES studies of other high;'s are increasingly becoming E)a;)r;%e;l ; dc(»)t;:l gag?S%onﬂrms the existence of two FS sheets at
feasible as techniques for obtaining high quality single crys- '

tal surfaces have improved.
Progress on these problems has been contributed by vari-

ous ARPES groups. A few highlights pertinent to the present High quality single crystals of optimally doped Bi2212
work are as follows. On the specific issue of the number angT =90 K) were grown by the traveling solvent floating
type of FS sheets, beautiful recent work has been reported afbne method with an infrared mirror furnace. The very good
Bi2212, Bi2201, and Pb-substituted Bi2242.The impor-  long range order and low defect density is indicated by the
tance of modulations in analyzing the ARPES data omarrow transition width of 1 Kmeasured by SQUID and
Bi2212, especially of the “shadow” featur¥sarising from by x-ray diffraction rocking curve measurements. The FS
the orthorhombic modulation, and the “Umklapp replicas” maps were produced by measuring the photointensity within
from the superlattice modulation has been emphasized earty narrow energy window &g over the full 360° angular
by Refs. 11,12. References 13,14 have concentrated on tiiange in the K, ,k,) plane at the SU8 high-resolution beam-
role of stripes. The value of considering momentum distribudine of the Super-Aco synchrotron ring at LURE The
tion curves(rather than the traditional energy distribution data were collected on a regular mesh in pol@y énd azi-
curves in the ARPES spectra has been pointed out bymuthal angles ¢) of stepsA#=1° A¢=1° The PGM
Ref. 15. monochromator is equipped with six gratings to cover an
A complication in interpreting ARPES spectra of Bi2212 energy range from 16 eV to 960 eV, with an average resolv-
taken over a large area of thig,(k,) plane is that different ing power of 3x 10* at 10" photons/s. Some measurements
groups report an apparent multiplicity of strikingly different employed He-I light(unpolarized from a He discharge
FS maps obtained for emission from the Fermi energy. Heréamp. The overall energy resolution varied from 12 to 60
we demonstrate that much of this variability is inherent andmeV depending on measurement conditihs. The cham-
arises from the character of photoemission matrix elemener base pressure was better than1® ' mbar during the
and its dependence on photon energy and polarization. Conexperiments. Procedure to assure an accurate sample align-

Il. EXPERIMENTAL DETAILS
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ror planes, by rotating the detector so as to keep the incident
light vector polarized along the radiér tangential direc-

tion with respect to the zone centBrat every point in the
(kx,ky) plane. It can then be shown that when emission from
a mirror plane in the crystal lattice is involved.g., along

the I'-M line), the even(or odd experiment only probes
initial states of everior odd symmetry. To see this, observe
first that in the case of a mirror plane the final stpfe)

must be even in order to be observable—the odd state pos-
sesses a zero amplitude as the sketch in Fig. 1 shows. The

dipole matrix element¥;|p- A|¥,), wherep is the momen-
tum operator, is then nonvanishing only for an evenodd
initial state|W;) if the polarization(along the vector poten-

tial A) is parallel(or perpendiculgrto the mirror plane as is
b) odd detection the case in the evefor odd detection mode. At a generi|
point, even and odd measurements still provide some dis-
crimination with respect to the character of the initial states.
In the case of emission from the Cu-O planes in Bi2212, the
relevant initial states are predominantly Cd,3 2 hybrid-
ized with O 2o, ,, and the band crossirtge is antibonding,

so that states along thE—M line (along the Cu-O-Cu
bonds will be intense in the even experiment, while states

alongT — X(Y) will be strong in the odd measurements.

a) even detection

IIl. COMPUTATIONAL DETAILS

All computations in this article are based on the one-step
model of photoemission extended to treat arbitrarily complex
unit cell material$3~28Effects of multiple scattering and the
, ' ) s ARPES matrix elemefit are thus included realistically in the
geometry in the present ARPES experiments is explaikedoints  rasence of a specific surface termination, taken here to be
toward the detector. In the even case, the detector moves in the. gi o layer. The finite lifetimes of the initial and final
plane of incident lighthorizontal plangin which the synchrotron states are incorporated by giving suitable imaginary parts to

light is polarized. In the odd case, the detector moves in a PETPeRR e self-energies of the associated initial and final state
dicular plane as shown. The sample is kept fixed. For initial states

. ) - propagators. The crystal potential was obtained via a self-
lying in a mirror plane(e.g., along thd™-M line), the even polar-

YIS an > eV consistent KKR procedufé& 3lassuming a perfect tetragonal
ization selects emission only from states symmetric with respect t

Pattice which yielded the well-known LDA-based band struc-

the mirror plane, while the odd polarization couples to antisymmet- . > : . -
ric states as discussed in the text. The detector is rotated along tﬁ%re and FS of Bi2212" The actual potential used in this

vertical and horizontal axis to access states throughoutkjg () work, however, has_bee|.1 mod|f|(.ed slightly such that the Bi-O
plane. pockets around th& point are lifted aboveEg to account
for their absence in the experimental ARPES spectra. A num-

ment included a complete set of photoelectron diffractionP€r Of simulations have also been carried out where repulsive
azimuthal and polar scans of the Bi core level in the highDarriers were placed between the two Guilanes in the Ca
energy regime which were recordudsitu in order to define layers in order to mimic correlation effects beyond the LDA
theT point and the main high symmetry directicifs? For which are expected to reduce the bilayer splitting. Finally, in
presentation purposes, a small background Was. subtracté)ader to describe the effects of the orthorhombic modulation
from the experimental data, but all the features discusse nkd :]hte;(lxi)r srﬁperf;ruc;tudref prrtehsertntlrn B|r212|12, we hna:jve
below are also visible without this subtraction. The data have2<c" (€ SPectrum computed for Ihe tetragonal case and su-
not been symmetry averaged. perposed on this the same spectrum with appropriate weights

Two different detection geometries—referred to asafter suitable translations in the reciprocal space. The
“even” and ‘odd’—have been employed to obtain the weights used are estimated from relative intensities in the

ARPES spectra. In these measurements, the sample |oositi8?§pe”memaI FS maps and are sgmmapzed n ?I'able' l. The
is fixed, while the detector moves. As depicted in Fig. 1, inprocedure for estimating the weights is described in the

the even case, the detector is constrained to move in th%ppendlx.
horizontal plane, which is theameas the plane of the inci-

dent light, whereas for the odd case, the detector is chosen to

move in the vertical plane. FS maps are constructed with the Figure 2 considers two sets of theoretical spectra at 21.2
polarization always eve(or odd with respect to all the mir- eV in the even and odd detection geometries for the tetrag-

FIG. 1. (Color) The meaning of “even” and “odd” detection

IV. RESULTS AND DISCUSSION
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TABLE |. Relative fractional weights of various secondary features in Bi2212 obtained by analyzing the
experimental FS maps where the primary spectrum for the tetragonal lattice is normalized to unity; see
Appendix for details. The superlattice modulation gives the first and second Umklapp images, while the
orthorhombic modulation yields the shadow feature and the related Umklapps. The translation vectors in-
volved are of formy (7, ) parallel to the orthorhombib* axis. Listed values of; come in pairs. First and
second Umklapps roughly correspondqovalues of+1/5 and= 2/5, respectively.

hv Detection Orthorhombic Superlattice
geometry modulation modulation
shadows 1st 1st 2nd
Umklapps Umklapps Umklapps
21.2 eV even 0.10 0.01 0.20 0.01
odd 0.30 0.15 0.40 0.02
32eV even 0.15 0.05 0.35 0.12
odd 0.40 0.12 0.40 0.01
7 [Translation +0.5 +(0.5£0.21) +0.21 +0.42
vector isy(, )] —(0.5£0.21)

onal lattice, and helps set the stage for our discussion. Thigght [Figs. 3c), 3(d)] this second sheet comes alive giving

right hand Figs. @), 2(d) refer to simulations where the intense emission around thd points. As emphasized al-
bilayer splitting has been artificially reduced to a near zergeady in connection with Fig. 2 above, the appearance of this
value and both FS sheets are holelike arounddf¢) sym-  large intensity is an unmistakable signature of the presence
metry point. The case with a bilayer splitting 6200 meV  of a second band lying close Ey- at M. Notably, secondary
where the first FS sheet is holelike and the second sheet is
slightly electronlike is depicted in the left hand Figda2

2(c). We see by comparing Figs(€2 and Zb) that there is a

striking increase in the intensity around thlepoint for even
detection due to the presence of the aforementioned secon
underlying FS sheet. By varying the size of the bilayer split-
ting and/or the position oEx we have determined that this
second band must be withir =20 meV of Ex around the

M point to produce such a large intensity feature. These
results clearly show that matrix element effects can act to
enhance or mask the ARPES signal from individual bands.
This is a crucially important observation which we will recall =
below in analyzing the experimental data. Figure 2 also high-
lights the differences between the even and odd maps mor
generally. The second FS sheet so prominent in the even ma
of Fig. 2(@) is essentially “invisible” in the corresponding
odd map of Fig. &). Also, the odd map is complementary to
the even map in the sense that regions of high intensity in
one map are often replaced by those of low intensity in the
other and vice versa; for example, in the even case, the in
tensity is low along the diagon&l— X(Y) lines, while in the w o " = 0 %
odd case there is an intensity maximum along the diagona
associated with the hole sheets. ) o
Figures 3 and 4 compare experimental and theoretical F'C: 2- (Colon) Theoretical maps at 21.2 eV for emission from
spectra at 21.2 and 32 eV, respectively. While changes in thEF In tetragonal Bi2212 for even and odd polarizations of light
ARPES maps of the FS with photon energy and polarizatio escribed in the text. The left hand. S'mu.lat'das .(C) refer to t.he
are striking, an excellent overall agreement with theory isband theory-based cr}/stal pOteth'al with a. bllayer sphttmg of
seen in all cases. The unpolarizéte I) data[Fig. 3a] and ~200 meV at theM point. In the right hand side simulatiortb),

theory[Fig. 3(b)] both show a clear imprint of the large hole (d), the bilayer splitting has been artificially reduced to a nearly
’ zero value. Intensities are normalized to the same value in all maps

sheet centered arour)dci Y, but relatively little trace of the 54 plotted in hot coloréwhites and yellows are highsn a linear
second FS sheet around. However, under even polarized scale. The square in solid white lines marks the 2D Brillouin zone.

014519-3
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Experiment Theory

[.l"lli:i.".h';_ﬂ

FIG. 3. (Color Theory and experiment are compared directly at
21.2 eV for even and odd polarizations, as well as for the unpolar-
ized He | light. Effects of superlattice and orthorhombic modula-
tions are included in theory as discussed in the text. See caption t
Fig. 2 for other pertinent details.

features are quite weak under these experimental condition
(21.2 eV, even—Table I, belovand, therefore, can be essen-
tially ignored in the analysis of Figs.(8, 3(d). Detailed
modeling leads us to conclude that within the present experi-
mental resolution we cannot determine the position of this
band with respect to the Fermi level better tha20 meV,
and hence cannot say whether it is slightly electronlike or
holelike.

Under odd polarizatioriFigs. 3e), 3(f)] secondary fea-
tures develop greater relative intensity and the even and od
maps look quite different. As expected, the emission arounc

M from the second sheet is suppressed in this polarization
making these maps unsuitable to address this aspect of th
electronic structure. On the other hand, the trace of the F<
sheets is reinforced along the lattice modulation direction via
superposition with its Umklapp images, thereby distorting
the image of the hole sheet in the odd nj&jm. 3(e)], indi-

PHYSICAL REVIEW B 67, 014519 (2003

Theory

Experiment

A
1

]
1

FIG. 4. (Color Same as Fig. 3, except that this figure refers to

Intensity (arb. units)

32 eV synchrotron light.

Bi1-2212 hv =32 eV
even symmetry

Relative weights:
Umklapp 1% 35 %
Umklapp 2™ 129
Shadow 15 %
Um. Shadow: 5%
Exp. Cut
Th. Cut {
A B (3 D E F G
|l
'l
]
| |_
| 1
o bl I
[1h | |
S RERRE .||-||:-||..||.||-- TT T T TT |||‘-'..|
] 2 4 il 5

|
wave vector along cut (A7)

cating that caution must be exercised in deducing physical FiG. 5. (Colon Inset: Fermi surface map at 32 eV photon energy

parametergsize and shapdrom this spectrum. The mix of

(even symmetry showing the segmented line A-G along which

primary and secondary features is quite different in the 32 e\ARPES intensity was considered for obtaining the weights of Table
data, Fig. 4, even though some of the characteristics are b@a-Main frame: Experimental ARPES intensifthick line) along the
sically similar. For example, the second FS sheet is emphaine segments A-G in inset is compared with the corresponding

sized in the even polarization in Figs(a4 4(b), but sup-

theoretical fit(thin line) obtained by adding contributions of various

pressed in the odd case of Figéci 4(d). Compared to 21.2 modulations with appropriate weights as described in the text.

014519-4
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eV, there is generally a greater spectral weight at higher moAlong these lines, a close examination of Figs. 3 and 4 re-
menta; for example, the image of the second sheet is more oeals that, in the odd maps of FiggeB 3(f) or 4(c), 4(d),
less equally intense in the first and second BZ’s in Figa),4 the theoretical and experimental intensities of various fea-
4(b), but in the 21.2 eV Figs. (8), 3(d), the second Bz tures and the connectivity of bands in some cases do not
imprint is quite weak in relation to that in the first BZ. The quite match up. In this connection, some confirmatory evi-
combination of the two FS sheets with appropriatelydence for the modulation of Cy(planes may be noted as
weighted secondary images yields two nearly parallel bandllows. (1) The compound BpSrisFe (O is isostructural
of intense emission which are oriented along the =)  With Bi2212, except that it has @mmensuraté x 1 super-
direction in Fig. 4 and appear quite striking. Interestingly, in'attice with known local atomic ghsplgcemeﬁ?s@\ consider-
even polarizatiofFigs. 3c), 3(d) or 4(@), 4(b)] the spectra able modulatlon_of the Fe positions is foun(_i We have incor-
show a remarkable line of essentially zero intensity along thﬁorated 'Fhese displacements into a tlght-blndm_g model of a
—_ = ) ypothetical 5<1 modulated Cu@ plane assuming the Cu
I'—Y direction, as expected for a mirror plane. However, ,oqiions to be the same as the observed Fe positions and
along the perpendicular linE— X, this is not true since the using the known dependence of hopping paraméten
superlattice compromises the symmetry. Cu-O distancé® We find superlattice modulation effects of
As noted in the Introduction, the determination of the FSthe order of 10% of the primary features, which are compa-
topology of the underlying tetragonal phase in Bi2212 hagable to the present observatit(2) The superlattice modu-
been complicated by the presence of secondary features tidations observed in photoemission spectra are considerably
to superlattice and shadow bands. The results of Table | offestronger in the single layer compoufiticonsistent with an
insight into how a headway can be made in disentanglinggnhanced modulation of the Cy@lanes—a bilayer being
primary and secondary features by exploiting the energy antgss easily deformed than a single layer, but unexpected on a
polarization dependencies of the ARPES matrix element. Wéliffraction model since the BiO layer is identical in both
see that in the 21.2 eV even geometry, no secondary featuf@ses(3) Misra et al.** report direct tunneling into a CuO
displays a weight greater than 20% of the primary featuresplane which lacks a BiO overlayer. They report clear evi-
and therefore, this energy and polarization is well suited fodence for modulation of the Cy(lanes on this basi¢4) It
delineating the primary FS. In sharp contrast, the weights oshould finally be noted that the modulation of the CuO2
secondary features are significantly greater at 32 eV in botRlane would induce an intrinsic Fermi surface anisotropy. If
the even and odd spectra as well as in the 21.2 eV odg0, then Andcet al*® are not justified in ignoring this factor
spectrum. Interestingly, the shadow feature is most promias @ possible cause of the novel anisotropy they observed in
nent in the 32 eV odd case, and the second superlattice imadfee thermal conductivity of Bi2212 with respect to the super-
is visible in 32 eV even map, albeit weakly. attice modulation axis. A full description of the ARPES
Although absoluteintensities are not our focus, one as- spectra of Bi2212 will eventually require a proper treatment
pect of these is particu|ar|y germane to this discussion. Th@f the effects of various modulations and the related 3D elec-
theoretically computed maximum absolute ARPES intensi- tronic structure.
ties of theprimary features are in the ratios 21.2 d&ven:
21.2 eV(odo): 32 eV (even: 32 eV (odd}=5:2:1.2:0.7, in
reasonable accord with the corresponding experimental val-
ues of 5:1.7:0.8:0.6, uncertainty in determining absolute ex- In conclusion, we demonstrate that dramatic differences
perimental intensity notwithstanding. Applying these ratiosin the observed FS maps under various experimental condi-
to the data of Table (which gives the relative weights of the tions arise as a simple consequence of the ARPES matrix
secondary featurgst is found that the absolute intensities of element which gives the primary FS featuf@sising from
varioussecondaryeatures are not all that different at the two the underlying tetragonal lattitea weight which depends
photon energies considered for either the odd or the eveapon the energy and polarization of light invary different
maps. In other words, the primary emissions become highmannerfrom that of the secondary features associated with
lighted in the 21.2 eV even measurements not because thke superlattice and orthorhombic modulations. In this way
secondaries are weak, but due to the primaries becominthe ARPES matrix element helps disentangle various aspects
much stronger. of the electronic structure and fermiology of this complex
It has sometimes been suggested that the superlattice fesystem. In particular, we demonstrate that theory can help
tures do not reflect the dispersion of the Gug@anes, but determine the number of primary FS sheets in Bi2212, con-
arise from a diffraction effect when the photoelectron passefirming recent result$>>’
through the distorted BiO layéf.The present results indicate  The wide ranging accord between theory and experiment
that this is not the case, but that a modulation exists withirindicates that the band theory framework implicit in the com-
the CuQ planes. For a diffraction effect, one would expect putations captures the essential underlying physics, suggest-
the matrix element to govern the primary electron emissiorning that the two FS sheets in Bi2212 mainly reflect conven-
event, and therefore, expect the intensities of the secondational bilayer splitting. However, it is likely that other effects
peaks to roughly scale with those of the primary peaks. This(e.g., strong electron-phonon coupling and/or some form of
however, is clearly not the case from Table I, where thenanoscale phase separation or stripe grdélt need to be
relative weight of the secondary features is considerablyncorporated into the final picture. A detailed exploration of
larger for the 32 eV odd data than for the 21.2 eV even datahe growing role of strong correlations at lower doping and

V. CONCLUSIONS
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temperatures, where bilayer splitting is expected to decreas®V/ spectrum for even polarization as an example. First, the
while effects due to pseudogaps, stripes, and nanoscale phdseensity from the experimental FS map is determined along
separation become more prominent, should prove wortha cut consisting of several straight segments in thg k)
while. plane, chosen to intersect the maximal number of spectral
ACKNOWLEDGMENTS features, including the main, shadow, and Umklapp bands.

. Along this cut, represented by line A-G in the inset to Fig. 5,
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