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Temperature Dependent Photoemission Studies of Optimally DopeBi;Sr,CaCu,0g
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High resolution angle-resolved photoemission is used to study the electronic structure of optimally
doped BiSrprCaCuyOQOg. These studies, with an energy resolution of 8 meV, show that the sharp
peak observed in the superconducting state has an intrinsic width of the order of 14 meV. Detailed
temperature dependent studies reveal that this peak is fixed in binding energy at all temperatures
at which it is observable and further that it exists at temperatures even above the superconducting
transition temperaturd,.. However, our analysis indicates that with the onset of long range phase
coherence a gap emerges in the spectral response between the main incoherent peak and the Fermi level.
[S0031-9007(99)08634-2]

PACS numbers: 74.25.Jb, 74.72.Hs, 79.60.Bm

The mechanism responsible for the highobserved in  inhomogeneity in which the mobile holes are confined to
the cuprate superconductors remains the subject of intensbarged stripes which are domain walls for the spins in the
research activity. Among the many experimental probesntervening undoped antiferromagnetic regions [7]. Lo-
photoemission studies have provided a number of insightsally the electronic structure in such a system would be
including the observation of an anisotropy in the super-quasi-one-dimensional in character. Furthermore, in such
conducting gap of BSrLCaCuOs+s (BSCCO) [1], the a system, unlike the BCS theory, the pairing of electrons
presence of a pseudogap in the normal state of the sanamd the long range phase coherence would occur at differ-
material in the underdoped regime [2,3], and the possibilent temperatures. Evidence for the presence of the stripe
ity of extended Van Hove singularities in the YEaw Og phases has been found in neutron scattering studies of the
superconductor [4]. Several studies have offered a descriguperconducting materials of the JGuQO, family [8] and
tion of the BSCCO photoemission spectra which, in theof YBa,Cw;Og 6 [9]. Several photoemission studies have
superconducting state, are characterized by a sharp featuseen interpreted in terms of such a model. In a study of
immediately below the Fermi level near the,0) point  optimally doped BSCCO in the normal state, Sahial.
in the Brillouin zone. Shen and Schrieffer [5] argue thatclaim the observation of a one-dimensional state dispers-
in the case of underdoped samples, these spectra recorded along the(, 0) direction consistent with the presence
near the 7, 0) point show evidence that the photohole cou-of the 1D magnetic fluctuations [10]. In a more recent
ples strongly to a collective mode whose spectral functiorstudy of underdoped BSCCO, Shehal. have proposed
peaks neap = (s, ) as observed in neutron scattering that detailed studies of line shape changes in the spectra
studies of the cuprates. In a model of Norman and Dingabove and below'. are indicative of a momentum trans-
[6], the presence of the sharp peak in the superconductinigr of spectral weight possibly consistent with the presence
state is thought to reflect a rapid change in the imaginargf the stripes [11].
component, Ink, of the self-energy at the transition tem-  As we have noted, the development of a superconduct-
peratureT,.. Above T, a large In® results in the broad ing gap has been central to the discussion of photoemission
spectrum characteristic of the normal state; belBwa  spectra from these materials. The anisotropy/avave
small Im3, results in a sharp quasiparticle feature appearsymmetry of the gap has been determined by the binding
ing in the spectrum. energy or leading edge of the sharp feature in the spec-

One theoretical model of high temperature supercondudsa [1]. The presence of the pseudogap, having the same
tivity proposes the separation of the electronic structure ofl-wave symmetry, is taken as evidence of electron pair-
the underlying material into distinct regions representedng well above the transition temperaturefor the under-
by the spin and charge degrees of freedom. The segreoped phase [2,3]. In the present paper we again focus on
gation of doped holes leads to a dynamical local chargéhe development of a gap in the spectra. We present the
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results of a detailed temperature dependent high resolutior  a) b)
photoemission study of optimally doped BSCCO, which
indicates that the sharp feature characterizing the supel
conducting state is observed at the same binding energ
for all temperatures, and, further, that it is still observable
at temperaturex 10 K aboveT,. However, we showthat | .
there is considerable evidence for the emergence of a ga
in the spectral response with the onset of long range phas
coherence reflecting the superconducting transition.

The experimental studies reported in this paper were car & 1
ried out on an angle-resolved photoemission facility basec 5
on the use of a Scienta hemispherical analyzer. In this in-

Intensity {arh, units)

strument the total spectral response may be measured ¢ s

a function of angle and energy simultaneously. Operatec B1SK

in such a mode the instrument has an angular resolutior - .

of 0.3° or better and an energy resolution of the order of =

8 meV. Experimentally the latter was determined by mea- | 95 K

suring the Fermi cutoff of an evaporated gold film. A com- 98.5 K

mercially available resonance lamp was used to provide Wk

incident light at a photon energy of 21.2 eV. At this pho- " o

ton energy the angular resolution of the instrument results 100 50 B T '
in @ momentum resolution @f01 A~!. i

Samples of optimally doped7. = 91 K) Bi,Sp- Binding Energy (meV)
CaCuOs+5, produced by' the floating zone method ¢ 1(color). (a) Spectral density plot recorded in th&f
[12], were mounted on a liquid He cryostat and cleavegyjrection with the sample held at 46 K. The incident photon
in situ in the UHV chamber with a base pressure20K  energy is 21.2 eV. The most intense emission is indicated in
107" mbar. The ability of the analyzer to measure energyed. (b) Angle-integrated photoemission spectra recorded as
and angle in parallel considerably reduces the amount ¢ function of temperature and corresponding to the emission
time required to collect data after each cleave and a”OW'gllong thel'M line. The different temperatures are indicated.
for detailed temperature dependent studies of the type
reported here. During the recording of each spectrum theharp peak still exists at the same binding energy but that
temperature was measured using a diode mounted at thiee dip is considerably less well resolved. In the spectrum
base of the cryostat in the vicinity of the sample. How-recorded with the sample held at the higher temperatures
ever, to more accurately determine the temperature scalef 103 K the sharp peak has disappeared.
a separate experimental run was used to calibrate the latter The presence of the sharp peak is clearly associated in
diode against a second diode that was mounted directlyome way with the superconducting state. However, if this
in place of the sample. peak represents the pairing of electrons, it is clear from
In Fig. 1(a) we show the spectral intensity recordedFig. 1(b) that its appearance in the spectra is not tied to
with the sample held at 46 K in the region correspondinghe onset of long range coherence as defined by resistivity
to approximately0.75 I to M. From Fig. 1(a) it is clear measurements. This raises the question “is there anything
that the intensity of the sharp peak associated with thén the spectra that does characterize this transition”™? In
superconducting state is spread out over a considerabiesponse we focus on the development of the dip. Itis clear
region in momentum space, although the intensity falls ofthat as the temperature is lowered from temperatures above
as one approachdg. This observation is also evident in 7., there is little change in the spectrum in the vicinity
data reported elsewhere [11,13]. of the dip even though the sharp peak is increasing in
Figure 1(b) shows a series of angle-integrated photointensity. Immediately belowW. the dip starts to rapidly
emission spectra recorded at different temperatures codevelop. Furthermore we note that the intensit¥ aglso
responding to the emission along th&/ line. Each undergoes a rapid decline At.
spectrum is obtained by integrating the temperature de- To get more insight into the observations of Fig. 1, we fit
pendent plots similar to that shown in Fig. 1(a) over thethe different angle-resolved spectra using a representative
range of angles betwed.75-1.0)'M. Below the su- background and two functions, one to describe the broad
perconducting transition temperature of 91 K, the spectr@eak at a high binding energy and the second to describe
are characterized by a sharp peak at 40 meV binding erithe sharp peak at the Fermi level. The fitting procedure
ergy followed by a well resolved dip and a broad peakis restricted to momentum resolved spectra representing
at a higher binding energy. The spectra recorded abov@.5° angle cuts in the region corresponding @051’ M
the transition temperature provide clear evidence that thef Fig. 1(a). This represents the region in the normal
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state at which the broad peak in the spectral response
manifests itself most strongly in the spectra. The sharp
peak observed in the spectra appears Lorentzian-like, and
we use this form in our fitting procedure. As has been
noted by several authors, the broad peak has a line shape
that is uncharacteristic of the excitation of a well-defined
quasiparticle but appears rather as the incoherent excitation
of collective excitations of the system. In our fitting
procedure we find that this broad peak is relatively well
described by the function,

— A — A 2
(E - 0) - 0) ’ (1)

whereC determines the energy scale ands defined with
respect to a gap paramet#y. Initially Ag is set to zero
but allowed to assume any value to achieve the optimum
fit to the spectra. Equation (1) is of a similar functional
form to the spectral function developed in a description of
quasi-one-dimensional systems [14].

Some representative form also has to be chosen to de-
scribe the background emission. It is important to remem-
ber that the background may reflect scattering from other

Gold

t T=20K

A(E) = exp —(E

Intensity

A"
Ao

points in the zone both within the copper-oxygen plane and Nrtancans,
outside of this plane. At points remote from the regions , L o
where the sharp and broad peaks exist the background is 400 300 200 100 E

found to be almost steplike. Similar observations have Binding Energy (meV)
been reported in spectra recorded elsewhere [3,13]. We ) _
therefore fit this experimentally measured background t(EIG. 2. Sample spectra at different temperatures showing the

. . S : . : it obtained using the two functions and background described
obtain a functional form which is essentially linear with @, {he text. The inset shows the two functions used in the

Fermi_function in the vicinity of the Fermi level. _ fitting procedure. The parametay, used in the latter fitting
In Fig. 2 we show the fits compared to the experimentalepresents the separation of the leading edge of the broad peak

data for a few select temperatures. Representative peakem Er, the Fermi level. The upper spectrum represents the
used in the fitting are indicated in the inset. We alsoFermi edge obtained from an evaporated gold film.
show in the figure the photoemission spectrum recorded
from a gold film at 20 K. This provides a measure of thehole lifetime or inverse scattering length. Thus if the width
experimental resolution of the experiment. One immediateloes reflect a lifetime, 14 meV, which is the same order
observation resulting from this fitting procedure is thatof magnitude as the inverse scattering length observed in
the sharp feature remains at the same binding energgptical studies [16], it translates into a lifetime for the
40 £ 5 meV with respect to the Fermi level throughout photohole or Bogoliubov quasiparticle of approximately
the entire temperature range. There is no indication of0~!* secs.
any shift in the binding energy, even in the vicinity of the  The intensity of the sharp peak as obtained from the
transition temperature. Furthermore, the peak width is ndfitting procedure is shown in Fig. 3(a). We note that the
instrument limited, but at temperatures well beldwhas  sum of the fitted intensities of the broad and sharp peaks is
an intrinsic width of approximately 14 meV. Interestingly approximately constant throughout the temperature range.
we note that at this point in the Brillouin zone the sharpThus with the development of the superconducting phase,
feature remains almost constant in width as a functiorthe intensity is transferred from one component to the
of temperature. Farther out in the zone towald¥ it  other. The observation of the sharp quasiparticle peak
gives the appearance of showing more broadening witin the spectra at temperatures abdye as indicated in
temperature. This latter broadening is evident in the angleFig. 3(a), is not expected within mean field theories but
integrated spectra of Fig. 1(b). will reflect the presence of critical fluctuations in the
The experimentally measured width of a photoemissiorvicinity of the transition temperature. The observation that
peak is a function of a number of different variablesthe sharp peak appears in the spectra even alfpveas
including the dispersion of the initial and final states [15].also recently been made in a photoemission study of an
However, in the present case the lack of any dispersionverdoped BSCCO sample [17].
either in the perpendicular or parallel directions results in Our fitting procedure reveals yet another important
the measured width being solely dependent on the phot@bservation. As the temperature is lowered throdgh
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@ (b o development represents the extension of the pseudogap,
¢ 4 30k } ¢ i ‘ ] which in the optimally doped materials is reported to exist
aboveT,, up to 130 K [18], to all states in the system.
ol ] Finally we note that our high resolution studies indicate
¢ that the width of the sharp peak observed in the spectra
in the superconducting state does not have a resolution
limited width but rather an intrinsic width of the order of

Peak Intensity
A, (meV)
o

(=3

®
:
=3

14 meV.
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FIG. 3. (a) Intensity of the sharp peak as a function of theQBCH10886.

sample temperature. The transition temperafuyres indicated.
(b) The gap,Ay, between the leading edge of the broad peak
and the Fermi level as obtained from the fitting procedure.

[1] Z.-X. Shenet al., Phys. Rev. Lett70, 1553 (1993).

. 2] H. Di t al., Nat Lond 82 51 (1996).
the leading edge of the broad peak moves away from the[[g} A G.mL%(gs:ret a?_ usriiénigzggﬁgzzé (19(96). )

Fermi level and a gap\o opens up between the threshold [4] k. Gofron et al., Phys. Rev. Lett.73, 3302 (1994);

for this peak and the Fermi level. The magnitude of this H. Ding et al., Phys. Rev. B50, 1333 (1994).

gap as a function of temperature is shown in Fig. 3(b). [5] z.-X. Shen and J. R. Schrieffer, Phys. Rev. L&8, 1771

Interestingly the ultimate magnitude of this gap, 32 meV, (1997).

is of approximately the same order as the displacement{6] M.R. Norman and H. Ding, Phys. Rev. B7, R11089

of the sharp peak from the Fermi level. In the raw data _ (1998). _ _

the opening of the gap is manifested in the developmentl?] S-A. Kivelson and V.J. Emery, inProceedings of

of the dip as seen in Fig. 1(b). We note that in order to Strongly Correlgted Electr.omc Materials: The Los

account for the change in shape of the broad peak with ~/lamos Symposium, 1998dited by K.S. Bedelet al.

the development of the dip &, it is necessary to adjust (Aadison-Wesley, Reading, MA, 1994), p. 619; V.J
. - ’ . Emery, S.A. Kivelson, and O. Zachar, Phys. Rev5®

the paramete€ in our fitting procedure by approximately

6120 (1997); M. 1. Salkolat al., Phys. Rev. Lett77, 155
7%. The temperature dependence of the gap as presented (19gg).

in Fig. 3(b) has the appearance in shape of being mearnsg) j. M. Tranquadat al., Nature (London)375, 561 (1995).
fieldlike. However, within the limits of the current fitting  [9] P. Daiet al., Phys. Rev. Lett80, 1738 (1998); H. A. Mook
procedure, it is not possible to distinguish such behavior  (to be published).
from other models in which the opening of the gap in[10] N.L. Sainiet al., Phys. Rev. B57, R11101 (1998).
the vicinity of 7. is much more rapid. This requires [11] Z.-X. Shenet al., Science280, 259 (1998).
a more detailed study immediately below the transition12] G.D. Gu, K. Takamuku, N. Koshizuka, and S. Tanaka,
temperature. 3] }\]/]gy;tbr(r;nrgr\?gtm a3IQP3h253 (}?geg\/O)l._ettYQ 3506 (1997)
b In summary, our analysis suggests that the electron 4] R.S. Mackenzie, Phys)./Rev. B, 16428 (1995).

egin to locally form pairs above the transition temperatur

) 15] N.V. Smith, P. Thiry, and Y. Petroff, Phys. Rev. &,
T. as reflected in the appearance of the sharp peak. At~ |¢ 476 (1993).

the transition temperatutk., long range phase coherence [16] A.v. Puchkov, D.N. Basov, and T. Timusk, J. Phys.
leads to the onset of superconductivity and the opening ~ condens. Matte8, 10 049 (1996).

of a full gap in the main spectral response between thg17] A.G. Loesseet al., Phys. Rev. B56, 14185 (1997).
incoherent broad peak and the Fermi leverhis latter [18] K. Ishidaet al., Phys. Rev. B58, 5960 (1998).

2182



