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Evidence for a strong impact of the electron-photon matrix element on angle-resolved
photoelectron spectra of layered cuprate compounds
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Little is known about the impact of the electron-photon matrix element on angle-resolved photoelectron
spectra of layered cuprate compounds. Using the example of the model layered cuptai®,St,, we
demonstrate that the electron-photon matrix element has a significant influence on energy distribution curves,
rendering their interpretation as images of the spectral function nontrivial.

Angle-resolved photoelectron spectroscdRPES has plane. The ARPES experiments in this study were performed
played an important role in the study of layered cuprate comat 300 K. Although there is no long-range antiferromagnetic
pounds such as, for example, the high-temperature supercoarder at room temperature in,&uO,Cl,, the antiferromag-
ductors. Examples of results obtained by ARPES are the exaetic correlation length is still two orders of magnitude larger
istence of a Fermi surface in the normal state compatibléhan the Cu-O distanc&.Therefore photoemission, as a fast
with the Luttinger theoredt® and the observation of the su- and local probe, still registers the effect of antiferromagnetic
perconducting gap and its anisotropy as well as a gap in therder even 50 K above the Ketemperaturé!
normal state in the underdoped regifni@One of the appeal- The dynamics of a hole in a two-dimensional antiferro-
ing features of ARPES is that the spectral intensity of armagnetic background is of fundamental interest itself and
electron distribution curvéEDC) is directly proportional to  there  have been  numerous theorelfcal and
the electron-photon matrix element weighted spectrabxperimentdft**~®studies of this subject. Of primary inter-
function.” Direct insight into the spectral function can there- est here are the lowest-lying states in an ARPES spectrum,
fore be gained, which currently is not possible with any otherthe so-called first electron-removal states, which, according
experimental method. ARPES also allows a direct comparito most theoretical results, should be comprised of a low-
son to theoretical models, as the spectral function is directlyinding-energy quasiparticle peak ascribed to the so-called
proportional to the imaginary part of the one-electronZhang-Rice singléf (ZRS followed by incoherent spectral
Green’s function of many-body theofy. weight at higher binding energy due to quasiparticle

Nonetheless, one has to stress that the spectral intensityessingt? The first electron-removal states of,8u0,Cl,
observed in an EDC is proportional to the electron-photorindeed show a well-developed low-binding-energy peak fol-
matrix element weighted spectral function and not the spedowed by additional spectral weight at higher binding ener-
tral function itself. In most studies the influence of the matrixgies fork vectors along thé& to (r,7r) direction of the first
element on an EDC is ignored although calculations sugge®rillouin zone (BZ) of the CuQ plane®® In this work we
that the relationship between ARPES intensities and the unwill not further elaborate on the physics behind the first
derlying electronic structure can be quite complicated due telectron-removal states of £uO,Cl, but rather use them
matrix element effects, and that caution should be exercisefbr a study of the impact of the electron-photon matrix ele-
in interpreting detailed features of the ARPES intensities inment on ARPES spectra of layered cuprates. They are well-
terms of the spectral functichin the following, using angle- suited models for this, since there are no complications due
resolved photoelectron spectra of,Su0,Cl, as an ex- to apical oxygen atoms as in £8.SrCu0,, no states de-
ample, it will be experimentally demonstrated that for lay-rived from Cu-O chains as in YB&u;O,, no superstructure
ered cuprates the electron-photon matrix element can haveedfects as in BiS,CaCyOg (BSCCQ, and, finally, no
significant impact on both the relative spectral intensityl  Fermi energy cutoffs due to their insulating nature.
the shape of a feature in an ARPES spectrum. The angle-resolved photoelectron spectra were recorded

Before discussing our results in detail, some informationon the storage ring Aladdin at the University of Wisconsin-
about SyCuG,Cl, relevant for an understanding of this study Madison Synchrotron Radiation Center, on the Ames
is given. SyCuO,Cl, was chosen as it can be regarded as d.aboratory/Montana State University ERG/SEYA beamline
model system for the physics of layered cuprates havingising a 50 mm radius hemispherical analyzer having a 2 °
CuO, planes as their fundamental building block. full angular acceptance angle which correspondskaeso-
Sr,CuQ,Cl, is closely related to the undoped parent com-lution of 0.06 A™! and 0.1 A" [5% and 9% of the dis-
pounds of the high-temperature superconductors as it is algance betweed' and (m, )] for the first electron-removal
an antiferromagnetic insulator having aéléemperature of states and 22 eV and 35 eV photon energy, respectively. The
255 K 1% The CuQ planes in SfCuO,Cl, are undopedhalf  total energy resolution was 105 meV and 115 meV for 22 eV
filling); therefore the spectral intensity in an EDC related toand 35 eV photons, respectively. The angle of incidence of
the CuQ plane gives information about the dynamics of athe photons was-40° with respect to the sample surface
single hole(the hole created by photoionizatiom a CuQ  normal. The SfCuO,Cl, single crystal was grown as de-
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FIG. 1. SpCuG,Cl, ARPES spectra recorded along theto
(7r,7r) direction (left pane) and thel’ to (w,0) direction (right . . . .
pane) of the first BZ using 22 eV photon energy. Tkevectors are  With all prev'ogflgtUd'eS of the first electron-remov:ilzl %ates
given in % of the distance betwedhand (r,7)/(#,0). of SLCUG,Cl,," " and the closely related @@uQ,Cly,™™

which were recorded at about the same photon energy

scribed elsewher®. The sample was orientedx situby  (22—25 eV as the spectra shown in Fig. 1. This is no longer
Laue backscattering and mounted with the Cu-O oxygerihe case if we look at the first electron-removal states along
bonds in a horizontal/vertical plane. The sample was cleavell to (7, 7) recorded using 35 eV photon energy, which are
(cleavage plane parallel to Cy@lanes in the experimental shown in Fig. 2. It is evident that there are differences be-
chamber in a vacuum better thank@0~ ! Torr, and the tween the 22 eV and the 35 dVto (7, ) series of ARPES
sample alignment was confirmeul situ by using the sym- spectra, for example, in the relative strength of the peak as a
metry of the dispersion of spectral features at high-symmetryunction of k. In Fig. 2 there is no well-developed peak at
points. All EDC’'s were recorded at room temperature and 7/2,7w/2) but only for k vectors between (0.260.26m)
were normalized to the photon flux. The Fermi edge of aand (0.437,0.43r), while in the left panel of Figl a distinct
platinum foil in electrical contact with the sample was usedpeak is observed from (0.290.297) up to (0.587,0.587).
as binding energy reference. There were no indications oBut, most notably, there are also differences in the line
charging effects because repeating an EDC fopaint after  shape, which are reflected in the dispersion of the peak
the beam had decayed to less than half the current when theaxima presented in Fig. 3. While the dispersion relation
first EDC was taken gave the same EDC, except for signadleduced from the 22 eV data peaks-&50% of the distance
strength. All ARPES spectra shown in this contribution werebetweenl” and (mr,7), the peak in the 35 eV data set has its
recorded within a time of 28 hours after the cleave of theminimum binding energy at(0.397,0.397). From theory
sample and in one experimental run, i.e., using the sami is expected that the ZRS has its minimum binding energy
sample cleave. We observed no signs of sample degradatiatongI" to (7, 7) at (7/2,7/2) 12 In the following we will
during this span of time. discuss possible reasons for the observed differences be-

Figure 1 presents the first electron-removal states ofween the 22 eV and 35 eV ARPES data along theo
Sr,CuO,Cl, for k vectors along th&' to (,7) and thel’ to  (r,#) direction ink space and show that our,8u0,Cl,
(7,0) directions ink space recorded using 22 eV photon ARPES data can be understood only in terms of a strong
energy. Fok vectors froml" to (7,77) we observe a distinct impact of matrix element effects on the EDC.
low-energy peak whose peak maximum has its lowest bind- We can exclude the possibility that the observed differ-
ing energy (-0.84 eV) at~(7/2,7/2) and the majority of ences are related to the sample or an extraordinary cleave of
its spectral intensity fok vectors before £/2,7/2). AlongT’ the sample, as our 35 eV data are recorded using the same
to (m,0) there is a broad peak at1.1-1.2 eV binding en- sample and the same cleave as was used for the 22 eV data,
ergy, which can only be observed in a rangekofectors  which, as mentioned earlier, are in agreement with all previ-
from ~50% to~85% of the distance betwedhand (,0) ously published SCuO,Cl, ARPES results recorded for
and has its maximum spectral intensity-a70% of the dis- 22-25 eV photon energy. This also excludes, besides our
tance betweei’ and (7,0). These results are in agreementexperimental precautions, the possibility of a misalignment



14 380 BRIEF REPORTS PRB 61

L A cal origin from the peak observed in the 35 eV data. But, as
08| —@—hv=22ev 4 mentioned earlier, up to now most authors have ascribed the
—O—hv=35eV peak evident in the first electron-removal states of
1 SrL,CuG,Cl, or CaCuO,Cl, to one excitation, the ZRS. It is
also not possible that we observe only the coherent part of
the spectral function of the ZRS for, for example, 22 eV and
the incoherent part for 35 eV as both share a common matrix
element. It has been suggested that a hole in an antiferromag-
netically ordered Cu-O plane can decay into spinons and
holons as is the case in one dimensi®mBut the spectral
function predicted by the *“two-dimensional spinon-holon
model” does not show different peaks for the spinon and the
11k g holon, but only one peak due to an attractive spinon-holon
interaction fork vectors fromI" to (7,7) and a steplike
feature fork vectors froml" to (7r,0), in contradiction to the
experimentally observed broad pe@ee the right panel of
Fig. ). We have to conclude that according to current
— knowledge the first electron-removal states 0fC3rO,Cl,
20 80 40 50 g0 have to be assigned to a ZRS, i.e., one initial state.
kin % of distance between I" and (rm) It should be evident now that there is no way to under-
FIG. 3. Binding energy of the ZRS peak as a functiork ébr k stand the differences b_etween th? 22 eV and_ 35Fe_\‘,_0
vectors fromr" to (w,7) deduced from the spectra recorded at 22 (7,7) ARPES spectra in the relative spectral intensities of
eV (solid circles and 35 eV(open circle photon energy. Selected the ZRS peak as a function &f without at least assuming
error bars are shown for reference. that the relative intensity of the ZRS peak in the spectra is
strongly affected by the electron-photon matrix element.
of the sample. Charging can shift spectral intensity to highefThis is also in agreement with the previously mentioned the-
binding energy and severely distort spectra, so one couldretical results of Ref. 9 for the ARPES intensities of
argue that the fact that in the 35 eV ARPES spectra the peaBSCCO. It remains to be clarified why the shape of the
maximum shifts back to higher binding energy beforeEDC's of the first electron-removal states of,SuO,Cl, is
(m/2,m/12) and also the lack of a distinct peaklatvectors  different for a givenk vector using 22 eV or 35 eV photon
where one is observed in the 22 eV data are caused by chargnergy, which also leads to differences in the dispersion re-
ing. But note that the maximum photon flux during recordinglations deduced from the speciiéig. 3).
of the 35 eV ARPES spectra was still six times lower than Let us first discuss some possible reasons for this effect
the minimum photon flux during recording of the 22 eV data,that would not be related to the electron-photon matrix ele-
so we would then expect to observe such effects in the 22 eYhent. First, it could be argued that the peak dispersion could
ARPES spectra too, which is not the case. be dependent on the momentum component perpendicular to
From the foregoing discussion we can conclude that th¢he cleavage plane. But it should be emphasized that for a
spectra shown in Fig. 1 and in Fig. 2 truly represent theZRS it is not expected that its dispersion will be dependent
low-binding-energy ARPES response 0bSuO,Cl, for 22 on the momentum component perpendicular to the L£LuO
or 35 eV photon energy, respectively. Bdthto (,7) se-  planes (parallel to the cleavage plan¥ Another reason
ries of EDC’s are equivalent in the sense that they show theould be the background as the ZRS peak is on top of a
lowest-lying excitations associated with the motion of a holesteplike feature which is also observed in the ARPES spectra
in an antiferromagnetically ordered Cu@lane fork vectors  of the high-temperature superconductors and whose origin is
along thel’ to (7,) direction in the first BZ, i.e., the un- currently unknown. This steplike feature could influence the
derlying spectral function is the same. The two series oBhape and the position of maximum intensity of the peak
EDC'’s differ, however, in the photoelectron momentum vec-ascribed to the ZRS. But judging from spectra where there is
tor p and the final statgf) and maybe also the initial statg no ZRS peak present, there seems not to be a lot of change of
(see the next paragrapbf the photoexcitation process, both the shape of this background on going fréhto (7, ) for
factors that affect the electron-photon matrix elemé@mp  the 22 eV or for the 35 eV data. Tlkedependent change of
-Al|f) (whereA is the vector potential As the underlying the location of the maximum of the ZRS peak should there-
spectral function is the same in both cases, this suggests thfare not be influenced significantly by the background.
the electron-photon matrix element is the reason for the ob- On the other hand, there is an explanation of the differ-
served differences. ences in line shape and dispersion of theCsIO,Cl, 22 eV
The question remains how strongly the electron-photorand 35 eV ARPES spectra alohgto (7, ) if one accepts
matrix element influences the EDC’s. One possibility is thatthat the electron-photon matrix element can influence the
we see different initial states dependent on, for exampleshape of an individual EDC. Note that both dispersion rela-
photon energy but with the shape of the corresponding feaions are equal within the error bars up to theector after
tures in the ARPES spectra and their relative intensities as which the ZRS peak in the 35 eV ARPES spectra loses most
function of k being representative for the spectral function.of its intensity. It is only after this point itk space that the
In this case we have to explain the differences between thdispersion relations deduced from thdo (7, 7) 22 eV and
22 eV and the 35 e\l to (7, 7) spectra by assuming that 35 eV ARPES spectra differ. This suggests that the observed
the peak observed in the 22 eV spectra has a different physiifferences in line shape and dispersion are caused by the
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electron-photon matrix element due to which the ZRS peak In conclusion, we have observed that the electron-photon
in the 35 eV ARPES spectra may be cut aftermatrix element can have a profound impact on ARPES spec-
(0.397,0.397), thus not only losing intensity but also having tra of layered cuprates by significantly affecting the strength
the maximum of the spectral intensity shifted to higher bind-and the shape of spectral features. The results of this study
ing energy, leading to an apparent dispersion that is differerlearly put emphasis on the need to apply the whole param-
from that of the ZRS peak in the spectral function. An influ- €ter range of the ARPES technique in order to get reliable,
ence of the electron-photon matrix element on the shape gonsistent, and complete mf_ormatlon _ab_out the s_pectr_al func-
an ARPES spectrum was not reported for the calculated©n from an ARPES experiment. This is especially impor-
BSSCO ARPES response of Ref. 9. A possible reason fofant when one has to rely on ARPES spectral intensities as is
this discrepancy could be the finite resolution of our ;Ehe (_ZaS7(’315 n kan r?naly5|s of th? momegtum d'StIr'.bUt'on
ARPES experiment, which in conjunction with possibly sig- gtnctlond . rt]r(1 ) F momentum-mdtegr?te |Specn? |gterr1]-
nificantly different dispersion relations of the final statesfégl)eztnror"nspeecf:ggg%annmg mode of angle-resolved pho-
reached using 22 eV and 35 eV photons could lead to a '

different shape of the 22 eV and 35 eV spectra for the same

k vector. Another reason could be that the calculations were The Ames Laboratory is operated by lowa State Univer-
performed in the framework of the local-density approxima-sity for the U.S. DOE under Contract No. W-7405-ENG-82.
tion, which is generally not well suited to describe either theThis work is based upon research conducted at the Synchro-
lowest-lying occupied band of a layered cuprate or the finatron Radiation Center, University of Wisconsin, Madison,
states 15 eV and more above the Fermi level. which is supported under Award No. DMR-95-31009.
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