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We present angle resolved photoemission data on Na-dopg2liCsCl,. We demonstrate that the chemical
potential shifts upon doping the system across the insulator to metal transition. The resulting low-energy
spectra reveal a gap structure which appears to deviate from the carmquabc| coskxa)—coskya)| form.

To reconcile the measured gap structure waitvave superconductivity one can understand the data in terms

of two gaps, a very small one contributing to the nodal region and a very large one dominating the antinodal
region. The latter is a result of the electronic structure observed in the undoped antiferromagnetic insulator.
Furthermore, the low-energy electronic structure of the metallic sample contains a two component structure in
the nodal direction, and a change in velocity of the dispersion in the nodal direction at roughly 50 meV. We

discuss these results in connection with photoemission data on other cuprate systems.
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. INTRODUCTION shifts upon doping the insulator gau0,Cl,(CCOQ with
Nal® Here we present the full body of evidence which sup-
The close proximity of an antiferromagnetic Mott insulat- ports arguments for such a shift of the chemical potential in
ing phase suggests that this insulator may be the naturghe Ca_,Na,CuG,Cl, system. We examine the valence band
starting point for understanding the unusually high superconand photon energy dependence of Na-doped CCOC and
ducting transition temperatures as well as the unconventionalompare it with that found in the insulator. By making a
normal state propertiésn the cuprates. The insulator to detailed comparison of the low-energy spectra we unambigu-
metal transition in strongly correlated materials is a wellously show that the high-energy pseudogap is in fact a result
studied fundamental problem in solid state physics in its owrPf the d-wave-like dispersion seen in the insulator, as had
right. Even by limiting ourselves to a one band Hubbardbeen suggested previoué&z _
model, which may be an appropriate starting point for the As We_W|II show, residual effec_ts from the insulator
half-filled cuprateg, there remain several ways one could Strongly distort the *band structure” in these deeply under-
imagine the electronic structure evolving upon dopisge doPed samples resulting in a gap structure along the LDA-
Fig. 1). One scenario is the chemical potential shifting to thepredmted Fermi surface that strongly deviates from the ca-

(9 of the valence band simiar 10 the case of a band%TC% 47 o I Brder lo reconcle i resuu iy
insulator’ An alternative scenario is states being created in- P v,

. . ap structure is a consequence of probing two different re-
side the Mott gap upon dopirff. These are the two most & L .
commonly disc%sgedppicturss gith regard to the cuprates gimes. One regime is concerned with a small unresolved gap

Angle resolved photoemission spectroscofyRPES a) 4 b)
studies of the La ,Sr,CuO, (LSCO) system show that E E
spectral weight is transfered to low-energy states, which lie
inside the Mott gap, upon hole dopifig’ In contrast, in the
Bi,SLCa_,Y,ClOg, s (Bi2212) and Nd_,CeCuQ, UHB)
(NCCO) systems there is work which shows that the chemi-
cal potential shifts in addition to a transfer of spectral
weight®® A potential problem for the Bi2212 system is the K- #
difficulty to obtain deeply underdoped samples. The oxy-
chlorides SyCuO,Cl, and CaCuO,Cl, are single layer cu- LHB >
prates that have provided the best photoemission data on the
undoped insulating state to date. Thus the oxyhalides are
ideal systems to study the metal to insulator transition with G, 1. Schematic doping evolution of an insulat@ Upper
photoemission, as high quality single crystals, which cleav@uHB) and lower(LHB) Hubbard bands for a Mott Insulatafb)
as easily as the Bi2212 system, can now be grown througResult of doping holes into a band insulat@ Result of creating
the metal to insulator transition. states inside the gap with dopin¢d) A scenario combining the

Recently, we have reported that the chemical potentiaideas of(b) and(c).

0163-1829/2003/616)/16510112)/$20.00 67 165101-1 ©2003 The American Physical Society



F. RONNINGet al. PHYSICAL REVIEW B 67, 165101 (2003

along a hole pocket aboutr(2,77/2). The second regime is L DL B BRNLA BELA B B B
in the vicinity of (,0) where a large gap, which we identify
as the pseudogap, is identified with the undoped insulatorg
This picture is consistent with the observed chemical poten5
tial shift. <'
The evolution of the electronic structure, however, is not 3 b)
solely a simple shift of the chemical potential since the spec-& ,
tral lineshape also evolves with doping. We further investi- € | T tZ730mn
gate here the two component structure found in the noda
direction of Ca_,Na,CuO,Cl,.1° We show that this struc- Lo 1]
ture is not directly related td., and from a momentum 16 14 12 10 8 6 -4 2 0
distribution curve(MDC) analysis we find a “kink” in the Binding Energy (eV)
dispersion which has the same energy as the “dip” which

divides the two components in the energy distribution curves F'C- 2- (8) ARPES data reveals three features, at roughly 9, 10,
(EDC's). The observation of a kink near 50 meV in this and 12 eV, in Na-doped CCOC not present in the pure sample. The

system supports the observed universality of this type of bet_|me elapsed between the initial cleave and the time the spectra

. . . L were recorded is indicatedb) illustrates, with a different cleave,
haV|or. in the cuprate%”. Finally, we @sguss the similarities how the features vanish within 90 min of the initial cleave. The
and differences between photoemission results from °thep§hoton energy was 25.5 eV and the temperature was 20 K. The

cuprates and Na-doped CCOC. Fermi cutoff on the low energy spectral weight is too small to be
visible in this intensity scale.

t=+20 min

rb

Il. EXPERIMENTAL

Na-doped CCOC single crystals were grown by a fluxpoung, ccOC. Figure (B) reveals that within 90 min fol-
method under high pressure, by using a cubic anvil typgoying the initial cleave, the additional features from 8 to 11
pressure apparatu$.A powder mixture of C3CUO,Cly, @y have vanished. The feature at 12 eV also vanighes
NaCl, NaClQ, and Cu0(1:0.2:0.2:0.1 molar ratip sealed  shown. For binding energies less than 7 eV no change in the
in a gold tube, was heated to 1250 °C and then slowlyspectra was observed over these time scales where particu-
cooled to 1050 °C under high pressure. Uniform samples gy close attention was paid to the neg features, less
various Na concentrauonswerg achieved by using different a1 1 ev binding energy. The photon energy was adjusted to
pressures during the synthesis. 4 and 5 GPa gave a Na coghsure the high binding energy features were not derived
centration of 10 and 12%, respectively. Crystals with afrom a contribution of second order light from the mono-
maximum dimension of 1%1.5x0.1 mn? were obtlalned. chromator. Comparing the spectra in par(@sand (b) sug-

The Na content was estimated by comparing drecis lat-  gests a dispersive nature of the additional peaks not seen in
tice constant with powdered ceramic samples of knownhe insulating compound. However, it was also observed that
contgntl. Magnetization measurements ®f gave results these features shift to lower binding energy as they age. We
consistent with the assigned doping concentrations. The Ngntatively assign the origin of these features from 8 to 13 eV
concentrations used in this study were0.10 (Tc=13K)  pinding energy to flux inclusions, such as NaCl and NagIO
and x=0.12 (Tc=22K). Since superconductivity does not which are used in excess during the synthéjbsequently
occur untilx~0.08 in the Na-doped CCOC systéfi’we  the surface of these flux inclusions are passivated by the
consider our samples to lie in the heavily underdoped rephoton flux following the cleave. Despite the uncertain na-
gime. As a reference, the optim&} in powder samples has tyre of these high-energy features, the fact that the low bind-
been found to be 28 K2 ARPES measurements were per-ing energy region of the spectra have no variation over the
formed on beamline 5—4 of SSRL. The samples were easil¥hort time scale in which the high-energy features vanish,

cleavedin situand measured at the indicated temperatures il'gi\/es us confidence that our |0W_energy results on the Na-
the figure captions. The angular resolution was 0.29°, whilgjoped CCOC crystals are intrinsic.

the energy resolution was always30 meV. When examin- Figure 3 compares the valence band spectra along the
ing the detailed low energy excitatiofise., after Fig. Tthe  nodal direction fox=0 andx=0.1. The data on the insula-
energy resolution was improved t15 meV. tor are consistent with previous reports on a similar material
(SLCUOCL,),Y"*® and the data for the Na-doped
Ill. DATA AND RESULTS CaCuO,Cl, were reproduced on multiple cleaves. The po-

sition of the valence band in the insulator with respect to the
chemical potential can vary as much as 1 eV which is be-
We begin with the valence band spectra of Na-dopedieved to be a result of pinning the chemical potential at
CCOC in Fig. 2, which illustrates a peculiarity of this sys- different impurity levels that exist for the different cleaved
tem. Namely, from 8 to 13 eV binding energy there existssurfaces. It is important to note that the valence band data of
several pronounced features which rapidly vanish with timethe insulator shown in Fig. 3 and 4 are at the minimum
The spectra from the cleave where these features were mgsossible binding energy, since if they are shifted further to-
prominent is shown in the top panel. Features are visible at Qyards the chemical potential, spectral weight from the tail of
10, and 12 eV which are not observed in the parent comthe valence band peaks would be pushed above the chemical

A. Valence band
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FIG. 4. (Color) Valence band comparison of g2u0,Cl, and
10% Na-doped CCOQa) A second derivative plot of the EDC'’s
FIG. 3. Valence band spectra along the nodal direction(dr presented in Fig. 3 retaining only points with negative curvature

CaCuO,Cl, and (b) 10% Na-doped CCOCE.=255eV,T and(b) maps the dispersion of the various features as seen by eye.
=200 and 20 K fox=0 andx=0.1 respectively.y ' The measurement conditions are identical except for the tempera-

ture of the insulator which is raised to avoid electrostatic charging
) o ) during the photoemission process,=25.5 eV, T=200 and 20 K
potential falsely indicative of a metallic nature. The low- for x=0 andx=0.1, respectively. The data are consistent with a
energy excitations within 1 eV of the chemical potential, shift of the chemical potential with doping as discussed in the text.
which the remainder of this paper will focus on, are barely

visible on this broad scale. Generally, the two data sets argere, the peak positions indicate that the insulator is shifted
quite similar, although differing relative intensities for a few to higher energy by at least 300 meV relative to the metal.
of the bands abouD,0) can be seen. The other difference is The specific value will depend on which insulating data set is
that the insulator data are sharper than those of the metalsed, since the chemical potential in the insulator can vary
Perhaps this is an indication that the surface of Na-dopedybstantially as mentioned above. We again emphasize that
CaCuQ,Cl, is not as well ordered as the pure sample grownthe current binding energy of the insulator could not be
under atmospheric conditions. Figuréa¥plots the second found at smaller binding energies without spectral weight
derivative of the above spectra, which can be used to morgeing shifted unrealistically above the chemical potential.
clearly identify the dispersion of various features. ThisThus, neither charging of the insulator nor the variability of

method agrees with the dispersion extracted by the peak peéhe chemical potential in the insulator can be responsible for
sitions of the various bands in the insulator and the metal ahe observed shift upon doping

shown in Fig. 4b). The resolved bands appear to have
shifted to lower binding energy with doping by roughly 300
meV, as would be expected if this were a simple band mate-
rial. One apparent exception exists from the band at 5.6 eV To further support this idea, Fig. 5 presents spectra near
binding energy in the metallic sample né@r0) in Fig. 4(b). Er along the entir€0,0) to (7,0) and(0,0) to (w, ) lines,
However, due to the broadness of the features in the metal, Where all the spectra from this insulating data set have been
is likely that this band is a superposition of several peaksshifted by 750 meV so that the centroid of the feature at
resulting in this apparent discrepancy. Note that in the insuf¢/2,77/2) is at the chemical potential. The value of 750 meV
lator several bands are resolved in this same region. Thuss specific to this particular data set, but is 300 meV more
the overall picture from the valence band data is highly sugthan allowed by the uncertainty in the position of the chemi-
gestive of a chemical potential shift with doping. The mostcal potential. Along0,0) to (7,0) the spectra are remarkably
convincing demonstration for this is atr(w) where the similar. In many instances fine details of the line shape match
peaks for both concentrations are most clearly resolvedextremely well. For example, a second broad component in

B. Near Ex comparison
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T = (n0) . ' —> (m.m) remained weaker. This suppression possibly indicates that
increased scattering which could effectively smear outkthe
resolution, and would have the greatest effect where the dis-
persion is the steepeftear (7/2,7/2)], has occured. How-

----- Ca,Cu0,Cl,
— Ca, ¢Na, ,Cu0,Cl,

......... 100%. ever, this would require a nontrivial small angle scattering
90%| mechanism, which does not simply produce an angle inde-
\ 105% G o 81’; pendent background. Also, the cleavability of the Na-doped

compounds is the same as the parent insulator, and laser
95% | [“eoess o INST% reflections from the sample indicate flat surfaces, which ar-
N M gue against angle averaging as the cause for the observed
v i, 86% suppression of weight. Typically, highly angle dependent va-
lence band spectra as shown in Fig. 3 are indicative of a
good surface, although the Na-doped valence band features
are somewhat broader than in the case of the insulator.
Pothuizeret al!® noted that in SCOC the line shape of the 2
eV binding energy peak atn(,7) is identical to the line
shape of the Zhang-Rice singlet at/@,7/2). Given such a
correlation a broadened low-energy spectral line shape at

“\d..76%

Intensity (Arb. units)

$.67%

b 57%

45..48%
| . < (7/2,712) in Na-doped CCOC is perhaps expected when the
N 38%) | P, valence band at 2 eV has been broadened, as observed here
o, paul9% (see Fig. 3. This suggests that the small differences between
Aol L LN 0% the doped system and the half filled insulator may indeed
12 08 04 0.0 result from a difference in sample surface quality.
Binding Energy (V) Considering that the features of hole doped CCOC track

the dispersion of the features in the half filled insulator, one
FIG. 5. EDC'’s of CaCuQ,Cl, (dashed ling(from Ref. 12 are  might wonder exactly how similar are the electronic states
shifted by a constant in energy and compared with EDC’s of 10%for the two doping levels. A good way to test this is by
Na-doped CCOQsolid ling). The overlap is extremely good with - analyzing the photoemission matrix elements. Under the di-
the exception of the features near/@,m/2). The data are normal- pole approximation the photoemission intensity can be writ-
ized at high binding energy for comparison. The slight rise in specten as oc (¥ (| A- p|¥;)|? whereW, ; are the initial and final
tral weight aboveEg observed in some EDC's of CCOC is due to giate  wave functions andAfp is the perturbing
the presence of a core level excited by second order light. ThiS igyamiltonian®® Practically, this means that the cross section
not present in the metallic sample where the second order |Igh6f the photoemission process will depend on the photon en-

contribution is heavily suppressed by the use of a normal incidencgrgy and experimental geometry as well as the wave func-

monochromator as opposed to the grazing incidence monochrq: g .
mator used for the insulating dat, = 25.5 eV, T=100 and 20 K Fons themselves. Thus, if two wave functions are to be con-

for x=0 andx=0.1, respectively. sidered as the same, then they should have the same
dependence on the experimental conditions. We have found

that CCOC experiences a fairly dramatic change in the
the electronic structure can be observed at roughly 600 meYhodulation of intensity along the nodal direction when
higher binding energy from the first feature creating achanging the photon energy from 16.5 to 17.5 eV. In Fig. 6,
heavily asymmetric line shapg@? This indicates that upon we compare the EDC’s along the nodal direction of a 10%
doping the chemical potential simply drops to intersect theNa-doped CCOC sample and an undoped CCOC sample us-
top of the valence band similar to the case of an ordinaryng 16.5 and 17.5 eV photons. We notice that the change in
band material. This would naturally explain the large highthe modulating intensity on going froé,=16.5 to 17.5 eV
energy pseudogap seen at,Q) as a remnant property of the is similar for both samples. Namely, for 16.5 eV photons
insulator as first suggested by Laughfirt? there is much more intensity atr(2,7/2) and higherk val-

Along (0,0 to (7r,7r) the situation is less clear. As the ues, which vanishes on going to 17.5 eV photons. Even the
feature moves towards lower binding energy a sharp Ferngxistence of the second feature at 600 meV higher binding
cutoff appears in the metallic samples, as anticipated by thenergy from the lowest-energy feature can be seen in both
large peak at the Fermi level from the energetically shiftedsamples along the nodal direction. These results show that
spectra of the insulating sample. However, the match bethe gross features of the wave function of the electronic
tween the spectra becomes increasingly worsend2,4/2) states within 2 eV of the chemical potential discussed thus
is approached. Perhaps this simply indicates that a Fernfar are remarkably similar. The peculiar photon energy de-
crossing has occurred before/@,7/2), and thus the weight pendence shown in Fig. 6 will be discussed separately with a
at (w/2,mw/2) is suppressed relative to the insulator or thatmuch larger body of dat®. Along with the fairly rigid shift
some spectral weight transfer in addition to the shift of thein dispersion of the low-energy states and the valence band,
chemical potential has occured. To see if the suppression wdse line shape comparison and photon energy dependence
due to matrix element effects we also changed the polarizeshow conclusively that the chemical potential indeed shifts
tion to maximize the nodal direction cross section, but itupon doping the half filled insulator @&uG,Cl, with Na.
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FIG. 6. Photon energy dependence along the nodal direction for,8a CuO,Cl, for x=0.1 andx=0. For each doping, the sarke
range is shown, while the photon energy is indicated in each p&reR0 and 293 K forx=0.1 and 0.0, respectively. Notice, that the
modulation of intensity varies with photon energy in a similar fashion for both dopings.

C. Metallic nature of Na-doped CaCuO,Cl, and it quickly becomes impossible to identify a Fermi cross-

A naive expectation of a simple chemical potential shifting as one can no longer C!early identify a peak p.osition to
upon doping is the creation of a small hole pocket centered @eamngfully extract a leading edge. This is best |Ilystrated
(w/2,712). However this contrasts with the majority of in panel(e) where spectra along the ostensible Fermi surface
ARPES results from the optimal and overdoped regimePredicted by band theory are presented. Near the node, there
which find a large Fermi surface centered abomt#) as IS a clear Fermi cutoff aEg, but this feature disappears
predicted by band theofy.We shall thus take a closer look quickly as one approaches the antinodal region.
at the neaEg electronic structure to see if the simple picture  One can also visualize the data with an intensity map at
of a chemical potential shift as illustrated in Figblis  Eg, obtained by integrating each EDC by*ad meV win-
correct. In other words, is the electronic structure unchangedow aboutEg . The highest intensity contour, shown in Fig.
with the exception of the position of the chemical potential?8(a), forms what appears as a small &td@he open circles
Figure 7 presents a sampling of the EDC's at seledted indicate where a clear Fermi crossing can be observed as in
points. The cuts shown if@) through(d) are taken parallel to the cuts shown in Figs.(&—-7(c). Note this ends as the
the nodal direction. For several of the cuts close to the noddFermi surface crosses the antiferromagnetic zone boundary.
direction a broad feature starts at high binding energy an®y assuming that the Fermi surface cannot abruptly end in
approaches the Fermi energy with increasikjgwhere a the middle of the Brillouin zone, one is left with two possi-
sharp Fermi cutoff of the spectra is indicative of a Fermibilities. Either the Fermi surface still lies along the one pre-
surface crossing. We will return to the presence of a peakdicted by band theory and has been heavily gapped as one
dip-hump-like structure near the nodal Fermi crossing laterapproaches+,0) or the Fermi surface is a small hole pocket
The Fermi crossings, which have been determined by theentered on or near(/2,77/2). We investigate these two pos-
spectra with the minimum leading edge midpad(tite bind-  sibilities below.
ing energy where the spectral intensity is half of the intensity Let us first attempt to push the assumption that the large
at the peak position have been highlighted in the figure. We LDA-like Fermi surface holds for this heavily underdoped
note that while a minimum value of the leading edge mid-sample. We separate the large Fermi surface into two re-
point identifies the spectra which correspondskio the  gions, as illustrated in Fig.(B). In region | the broad spec-
value itself will be pushed back to higher binding energy iftral function has a sharp Fermi cutoff, which clearly defines
this portion of the Fermi surface is gapped. As the cuts apkg, while in region Il one must extrapolate the Fermi surface
proach @r,0) the spectral features become less pronounceffom the Fermi crossings found in region | assuming a large
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Fermi surface that does not terminate in the middle of theng edge midpoint via this simplified approach. This is what
Brillouin zone. This is shown by the solid dots in Fig. 8. is shown by the filled symbols in Fig. 9. For a simple spec-
Note that in the region nearm,0), variations in the precise tral function this procedure would give the correct gap value.
shape of the Fermi surface will not affect the following In our case, one can see that close to the node this procedure
analysis as the spectra have little variation which is apparenbughly matches our more careful analysis, but it also allows
from the EDC'’s in Fig. 7d). us to extend our gap analysis beyond the regime where a
Figure 9 plots the leading edge midpoint for spectra alonglear Fermi crossing has been identified, albeit in a crude
the large Fermi surface just discussed relative to the value atay. The solid black line is the expectation for the canonical
¢=45° (the nodal position for a purel2_,» functional  d-wave functional form. As mentioned above, in the optimal
form). In this way one can determine the gap structure alongnd overdoped Bi2212 samples a simple spectral function
the Fermi surface. The open symbols indicate the leadingnd a large Fermi surface is observed, andddweave func-
edge midpoint for the Fermi crossing spectra found in regiortional form well describes the experimental gap strucfore.
I. However, in region Il the lack of a clear leading edge However, in the heavily underdoped regime studied here,
midpoint prevented us from identifying a Fermi crossing inthere is a strong deviation from tltewave functional form.
the first place. Hence, we need an alternative method to dén order to reconcile this gap structure witbd-wave
scribe the dispersion. Nearr(0) an energy scalélbeit a superconductivit$ our assumption of a large Fermi surface
broad ong still exists in the spectra as indicated by a dot incentered at 4,7) must break down. In this case, Fig. 9 is
Figs. 1d) and 7e). Thus we can blindly normalize the maxi- not physically significant as it maps the energy along two
mum of the spectra below 300 meV to 1, and extract a leadphysically different regions as defined in Figb8 each with

165101-6
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) the resulting large gap identifies a larger energy scale. We
have just ruled out the possibility that the Fermi surface in
this sample is a large hole pocket centeredatx). If we
maintain that the Fermi surface can not abruptly end in the
middle of the Brillouin zone we must conclude that the
Fermi surface forms a small hole pocket, as naively expected
from the observed chemical potential shift. The question then
becomes, how does such a Fermi surface develop a gap con-
sistent withd-wave superconductivity. Given the experimen-
tal resolution we cannot comment on whether or not the flat
region in Fig. 9 would itself fit dcosk.)—cosk,a)| func-
tional form, which is the simplest expectation fdrwave
pairing, although models exist with small hole pockets and

(,0)]

FIG. 8. (Color) (a) Ex map obtained by integrating the

=0.10 spectra by=4 meV aboutEr. The open dots indicate the -\ /0 pairing for which this is not the ca¥&We note that
Fermi crossing, while the solid dots extrapolate the Fermi surface t

the Brillouin zone edge as would be expected in band théoyan for a superconductor with a transition temperature of 13 K,
illustration indicating the area of the resulting Fermi surface pockejhe maximum of the gap frem BCS theory is expected to be
obtained by symmeterizing the observed Fermi crossings about tHESS than 2 meV at the antinode and even smaller along the
antiferromagnetic zone boundafgiashed gray line By counting ~ observed arc, which is too small for our experimental reso-
the number of electrons in the enclosed area a doping level is fountytion and is not the objective of this study. Perhaps this gap
which is indicated in the figure. Red reproduces the pointa)ifor ~ could be measured with an improved spectrometer.

x=0.10, while blue are results from a sample wit0.12. The By symmeterizing the hole pocket about the antiferro-
data naturally fall into two regimes{ll) distinguishes the region magnetic zone boundary one finds an area of 5.7%, which
along the underlying LDA Fermi surface where a clear Fermi crossimplies a doping level of 11.4% due to the electron spin.

ing does(does not occur.

its own gap structure. In other words, by assumirdp@ave
gap structure we have shown that only a fraction of the spe

tra used for Fig. 9 actually lie on the Fermi surface.
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FIG. 9. The leading edge midpoint of the spectra along th

Fermi surface illustrated in Fig. 8 relative to the value atdiveave

nodal position. The open symbols are the result when a clear Fer
cutoff can be identified, while the solid symbols are obtained b
normalizing the maximum of the low energy spectra to 1, as dis

cussed in the text. The solid line is a plot of (&), the d-wave
functional form. The large discrepancy from the canonialave . U ! | -
functional form when attempting to describe the data in terms of &£10ping. This is also expected as we have identified this en-

band-theory—like Fermi surface centered at4) suggests that it

€

y

This is in rough agreement with the hole doping of 10%
determined by comparing,. and lattice constants with re-
sults on powdered sampl&sAgain we note that the hole
Jeocket is also not necessarily symmetric about the antiferro-
magnetic zone boundaf§which could substantially modify

Region | does indeed represent a portion of the Fermi'€Se values. The idea of a small hole pocket about
surface about £/2,77/2) which may contain a very small
gap, while region Il does not contain a Fermi crossing, an

(7/2,712) in Na-doped CCOC is also consistent with the
pbservations of shadow barfdst higher binding energy.
Presumably, the coherence factors responsible for the
shadow band are very weak making it difficult to distinguish

a second Fermi crossing from the backgroundeat We
stress that while our findings are quite consistent with the
small Fermi pocket picture, we did not see the shadow Fermi
surface at zero energy even though we do observe a shadow
band at higher energies.

Meanwhile, the observation of a chemical potential shift
in this material from the insulating state and the photon en-
ergy dependence of the lineshape emphasize that the features
near (,0) (region ll) in the Na-doped G&LuO,Cl, sample
are a direct result of the magnetism which dominates the
antiferromagnetic insulator. To illustrate that the energy scale
near (r,0) is the same as that of the insulator, recall Fig. 5
where the spectra of the insulator matches that of the Na-
doped sample at#,0).

We have also repeated the above gap structure analysis on
a sample witlx=0.12 (T.=22 K), and some of the results
are presented in blue in Fig. 8 and as circles in Fig. 9. The

ITqata reproduce the above analysis with a few small quantita-

tive differences. The Fermi arc increases in diggown in
Fig. 8b), consistent with an increase in doping, while the

binding energy near,0) reduces slightly which demon-
strates that this energy scale is decreasing with increasing

ergy scale with the magnetism of the insulator whose

is better to understand the data in terms of two regimes, labeled strength should diminish together with the antiferromagnetic
and Il in Fig. 8.

correlations as holes are added to the system. This has also
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MR R LA RN RN N -0 AL Fermi cutoff near ,0) implies that the low-energy
(0.47,0.47) pseudogap is not well defined in the Na-doped CCOC spec-
I tra. As a result, we are inclined to characterize the pseudogap
§ by what is known as the high-energy pseudogap which iden-
tifies a larger energy scale in the spectra abay0y, and is
sometimes referred to as a “hump>"Here, we find a high-
energy pseudogap of roughly 300 meV for Na-doped CCOC,
compared with 120 meV for Dy-doped Bi2212 as indicated
by the triangles in Fig. 10. Independent of the method cho-
sen, the pseudogap for Na-doped CCOC appears signifi-
cantly larger than that of Bi2212 at a comparable doping
level.

The high-energy pseudogap seen in Bi2212 was first con-
10% Na doped CCOC jectured by Laughlin to be a result of tidewave-like modu-

""" 10% Dy doped Bi2212 P ] lation of the dispersion of the insulating oxyhalidég?
AN From the observed shift of the chemical potential it is clear

e that the high-energy pseudogap indeed directly results from
the dispersion seen in the parent compound, although it ap-
pears that the energy scales of the high-energy pseudogap
FIG. 10. Comparison of EDC's at selectédpoints of 10% Nave a small system dependent variation. The implication for

Dy-doped Bi2212taken from Ref. 3land 10% Na-doped CCOC. Such alarge pseudogap relative to the Bi2212 system at com-
The Na-doped CCOC system suggests a much larger pseudog®@rable doping should be investigated, and the bilayer effect
than in Bi2212, both for the low energy pseudogtiick barg and ~ in Bi2212 will need to be taken into consideration. If the

the high-energy pseudogépiangles. condensation energy for superconductivity is acquired by the

gapping of low-energy states neatr,0), then this would

result in superconductivity being less favorable as evidenced
been observed in previous studies on the high-energhy the smaller optimarl . (28 and 90 K for Na-doped CCOC
pseudogap® We should note that the hidden message of deand Bi2212, respectively
scribing the Fermi surface in the underdoped regime as a
small pocket about #/2,7/2) is that the system must at .
some point transform upon doping to the large Fermi surface D. Nodal peak-dip-hump structure
centered aboutst, ) observed in the overdoped regime. In. A two component structure can be seen in the low-energy
measuring the volume of the pocket for the0.12 sample  spectra of Na-doped CCOC at the Fermi crossing in the
we find the doping level to be 21%. The fact that this analy-nodal direction. This was shown in Fig(eJ, where we plot-
sis begins to show a deviation from a doping levekgfer-  ted EDC’s along the Fermi arc and then towardsQ) as
haps begins to identify a transition to a state where the dopindicated in the cartoon inset. The reason for the difference
ing level should be described as-k [the expected volume in clarity of this structure between cleaves is unknown, but is
of the large Fermi surface centered at, ¢)].%° likely due to a variation of inhomogeneities and experimen-

In comparison with other cuprates, the lack of a Fermital conditions which make it impossible to resolve the two

cutoff in the EDC’s would normally be identified as an ex- components that appear as one in the (8.,83437) spectra
tremely large pseudogap. In an attempt to quantify this supef Fig. 5. Note that in general, the presence of sharp low-
pression of weight, we compare 10% Na-doped CCOC t@nergy features is a tribute to a high sample quality. The loss
10% Dy-doped Bi2212Ref. 3]) in Fig. 10. 10% Dy-doped of the two component structure as one approache8)(is
Bi2212 is underdoped with &, of 65 K giving it a indicative of the observed large pseudogap, which precludes
T./max(T.) of 0.72, while 10% Na-doped CCOC has a ratio the identification of any similar structure in the low-energy
of 0.46. A comparison with 17.5% Dy-doped Bi22{2ot excitations near4,0).
shown with a T./max(T,) ratio of 0.28 yielded a similar The observation of a two component structure in these
comparison. One clearly observes the loss of spectral weiglsuperconducting samples begs the question of how it may be
at the Fermi energy for the Fermi momentum af,Q.3) related to superconductivity. Figure 11 presents temperature
when compared to the respective Fermi crossings along thgependence of this feature from 20 KT.) up to 120 K. It
nodal direction near (0#4,0.47). There are two common is clear that the peak-dip-hump-like structure is observed up
methods for characterizing the pseudogap with ARPES. Th 75 K, and is finally smeared out at 120 K. By cycling the
first is by the shift of the leading edge midpoint of a spectratemperature back down to 20 K, we ensure that the broaden-
to higher binding energy relative to the chemical potential asng at high temperatures is not an aging effect. Since even
indicated by the dashed lines. This is typically referred to a®ptimally doped polycrystaline samples have only a maxi-
the low-energy pseudogap. For Dy-doped Bi2212 this is reamum T, of 28 K, it is clear that the two component structure
sonably well defined, and gives a value of 30 meV. For theobserved here does not turn on n&ar. This is in contrast
Na-doped CCOC sample, we find a value of roughly 50 meMvith the more familiar two component structure in ARPES
at (7,0.37). However, as previously noted, the lack of aon the Bi2212 system which has now also been seen in

Intensity (Arb. units)
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FIG. 11. (a) Temperature dependence of 12% Na-doped CCOC along the nodal direction. A two component structure is olgerved at
well aboveT.. E,=16.5eV.

YBCO Ref. 32 and Bi2228? and does turn on witfi..3*%  lator would not have shifted to the chemical potential in this
It is important to note that, aside from the different temperacase. One possibility is that a sharp, coherentlike peak is
ture dependence, the two component structure observed arowing with doping, while the incoherent features at half
Na-doped CCOC occurs along the nodal direction as opfilling slowly vanish. This idea is captured in the recent
posed to the £,0) region as in the other cases. Furthermorephase string calculations done by Muthukumar, Weng, and
we note that CCOC is a single layer material and thus th&hengd!! In this sense, the two components would hint at a
peak-dip-hump seen here can not be a consequence of lialance between the antiferromagnetic insulator and the
layer splitting as has been conjectured for the peak-dip-humgrive for the system to become metallic. An alternative sce-
structure observed in Bi22%3. nario is that the peak-dip-hump structure is the result of cou-
In order to gain some insight into the origin of this struc- pling to a collective mode. This could also naturally explain
ture Fig. 12 presents a MDC analysis along the nodal directhe presence of the kink. Although still a debated interpreta-
tion of ax=0.10 sample. The dashed curves are the singléion, Lanzaraet al. propose that the universally observed
Lorentzian fits to selected MDC's. Similar procedure in otherkink is due to electron-phonon couplifgin this regard, it is
cuprates has been used to extract self-energies from the fitteresting to note that the phonon breathing mode is ex-
parameterd33/38Here the fits serve as a method for param-pected to be roughly 10 meV less for CCOC on the basis of
etrizing the observed dispersion. Figureshhzand 1Zc) plot  its a-axis lattice constant than in the case of insulating
the peak positions and widths as a function of the bindingBi2212 or LSCO as determined by optftswhile the kink
energy of the corresponding MDC's. A change of slope in theenergy position determined by ARPES is less by roughly the
dispersion of the peak positions is seen near 55 meV. Thisame amount.
value is attained from the intersection of two linear fits rang-  Distinguishing between these two scenarios will be diffi-
ing from 0 to 30 meV and 100 to 200 meV. We shall refer tocult. A problem with the first picture would be that the kink
this feature as a “kink.” A similar kink in other cuprate sys- would have to be explained as an artifact of the MDC analy-
tems has received significant attention in recent ARPESIs due to the multiple electronic features which are not in-
literature'®*8-4°Certainly, the similarity of the kink energy dividually resolved. This is not appealing considering the
position to the dip energy position seen in the EDC'’s sug-apparent universality of the kink feature among cuprates,
gests that these two results are related. The MDC width alsand one would then favor a coupling to a collective mode.
displays an accelerated decrease in width as indicated by th¢owever, it is surprising that the kink is seen in both LSCO
dotted lines in Fig. 1&@). where the states were created inside the gap, and in Na-
What is the possible origin of a two component structuredoped CCOC where the states appear to originate from the
in the EDC neakg along the nodal direction? Pure macro- effective lower Hubbard band which has now been shifted to
scopic phase separation of metallic and undoped insulatinthe chemical potential. This suggests that a third possibility,
domains can be ruled out, since the feature seen in the insgembining both ideas, may also be considered for the doping
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FIG. 12. (a) Sample MDC's of CagNa, ;CuG,Cl, from the nodal direction taken with Hex radiation. Single Lorentzian fits to selected
MDC's are overlayed with a dotted line. Respectivéby), and(c) give the peak positions and widtkisalf width at half maximumfrom the
MDC analysis. The arrow iifb) indicates the kink energy, as discussed in the text.

evolution. Namely, that the chemical potential has shiftednsulator'* Meanwhile, by examining the low lying excita-
upon doping, the precise location would be system depertions we found that an attempt to use a large Fermi surface
dent, while states are created Bt which then couple to centered at 4, 7) results in a gap structure which deviates
some collective excitations creating the universally observedrom the canonicatl-wave functional form. Instead a small
kink [see Fig. 1d)]. If this is the case, the Fermi pocket about/2,7/2) as naively expected from a
Cs_,NaCuO,Cl, and La_,Sr,CuO, system would no rigid chemical potential shift is a better description of
longer appear so different. Unfortunately, the present dat&eavily underdoped Ga,Na,CuO,Cl,. This is the case
can not distinguish between these three possibilities, and when we insist that the Fermi surface can not terminate at a
must leave this as an opportunity for future experiments withpoint in the middle of the Brillouin zone. A Fermi surface arc

more available doping levels to investigate. could also explain the data if this were allowable in a non-
Fermi-liquid picture. We anticipate this region to also pos-
IV. CONCLUSIONS AND DISCUSSION sess a gap structure which could differentiate between com-

peting models in the underdoped regime. Finally, a two
The data from the valence band, nd&¢ spectra, and component structure is also observed in the EDC'’s along the
photon energy dependence in the,CaNa, CuO,Cl, system  nodal direction. This appears to be related to a kink seen in
provide convincing evidence that the chemical potentiathe MDC derived dispersion, which is now a universally ob-
shifts to the top of the valence band upon doping the insulaserved feature of the cupratks.
tor CaCuGO,Cl,. Surprisingly, these results appear to present The presence of features seen in the insulator within the
a different evolution across the metal to insulator transitionlow energy spectra of the Na-doped superconductor suggests
than in LSCO where the chemical potential is pinned andh strong interplay between antiferromagnetism and supercon-
states are created inside the gap upon doping. ductivity in the underdoped regime. One way to think of
With the comparison of CCOC we have shown that thethese results is to start from the overdoped regime where
high-energy pseudogap is indeed a remnant property of theuperconductivity is the first instability encountered. Upon
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