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Anomalous superconducting state gap size versus, behavior
in underdoped Bi,Sr,Ca; _,Dy,Cu,Og, 5
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We report angle-resolved photoemission spectroscopy measurements of the excitation gap in underdoped
superconducting thin films of B&r,Ca; ,Dy,Cu,Og., 5. As T is reduced by a factor of 2 by underdoping,
the superconducting state gApdoes not fall proportionally, but instead stays constant or increases slightly, in
violation of the BCS mean-field theory result. The different doping dependencésaofi kT, indicate that
they represent different energy scales. The measurements also shawigh@ghly anisotropic and consistent
with a d,2_,2 order parameter, as in previous studies of samples with higher dopings. However, in these
underdoped samples, the anisotropic gap persists well ahav&he existence of a normal state gap is related
to the failure ofA to scale withT. in theoretical models that predict pairing without phase coherence above
T.. [S0163-182696)51146-X

The superconducting state of a metal is characterized bjgtic mean-field temperatur@,,-, giving the two gaps a
an energy gap in the spectrum of electronic excitationscommon origin and accounting for the non-mean-field gap
BCS-Eliashberg mean-field thedriias been used success- sjze vsT. dependence. In these modeTs, is the tempera-
fully for decades in describing the superconducting state gafure for phase coherence between pairs rather than the onset
A in conventional superconductors such as Al or Nb. Theof pairing.
typical mean-field theory result that the superconducting The angle-resolved gap measurements were carried out
transition temperatur&, is proportional taA has been abun- using a Scienta hemispherical analyzer operating with 20
dantly confirmed for conventional superconductors. Here weneV full width at half maximum (FWHM) resolution
report data from angle-resolved photoemission spectroscogyr=9 meV) as measured by a Au reference Fermi edge. The
showing that this proportionality is violated in underdopedphoton energy was 21.2 eV, and the base pressure of the
samples of the high temperature supercondu¢t$TSC)  vacuum system was>610 ! torr. The analyzer acceptance
Bi,Sr,Ca; ,Dy,Cu,0g. 5, implying a novel transition angle was+1°, corresponding to k-space window of radius
into the superconducting state. 0.0457/a or 0.037 A™1. Our BSCCO samples were un-

A large variety of experimental measurements in undertwinned thin-film crystals' grown by atomic layer-by-layer
doped HTSC have shown evidence for a suppression in theolecular-beam epitaty and an underdoped bulk single
intensity of low-energy excitationsbove T, including crystal. Underdoping was accomplished by substituting triva-
NMR,? resistivity>* specific heat, and c-axis optical lent Dy for divalent Ca and/or reducing the oxygen content.
conductivity® The relation, if any, between the supercon-The nine thin-film samples measured were cut from three
ducting state gap and this pseudogap or normal state gap larger samples witfT =46, 78, and 89 K, respectively, de-
still an open question. Angle-resolved photoemission spedermined fromp vs T superconducting transition midpoints.
troscopy(ARPES is uniquely able to measure the gap mag-The samples were cleaved in ultrahigh vacuum using a top-
nitude anisotropy. Measurements on slightly overdopedPost method. The thin films give results that are similar to
Bi ,Sr,CaCy04. 5 (BSCCQ below T, are consistent with those from bulk single crystals for the same hole dopihg.
the four-lobedd,z_,2 gap’ and show no normal state gégr Raw data on underdoped BSCCO of two different oxygen
a very small ong The present results omnderdoped dopings are plotted in Fig. 1 for temperatures well below and
BSCCO samples with a wide range of transition temperaWwell aboveT.. The data are taken as energy distribution
tures show the same strong angular dependence of the sup&krves(EDC’s) consisting of photoemission intensity vs en-
conducting state gap, but in addition they shomamal ergy at fixedk. The superconducting state gap magnitude
state gap with very similar magnitude and angular depen-/Ay/ can be found using the usual expression for excitations
dence, in agreement with other recent ARPES WofRThe  from the superconducting ground stafg,= \(£2+]A,|?),
normal state gap persists to temperatures well abbve where e, is the normal statéor ungappef single-particle
These observations can be related to our finding that thenergy relative tdEg. At the Fermi surfacéFS), ¢,=0 by
superconducting state gap fails to scale withas expected definition, and the gap is simply the minimum energy exci-
from mean-field theory. We discuss below how modelstation. In ARPES the gap can be found by stepping through
with phase fluctuations in the order parameter predict pairindgc space along a particular direction and finding where the
in the normal state of underdoped HTSC up to a charactelguasiparticle feature is closest g .
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FIG. 1. ARPES spectra near the Fermi energy for underdoped FIG- 2. Leading edge midpoint shifts froR., indicative of an
single-crystal thin films of BiSr,Ca, _ Dy,Cu,O04. s in the super- aplsotroplc energy gap, in the superconducting and normal states of
conducting and normal statels-space positions were selected on Bi2Sr2Ca; Dy, CuzOg. 5 extracted from the ARPES spectra of
the underlying FS to facilitate measuring the energy gap. The sydFig- 1. The abscissa, Qdbk,a—coskal, was selected for compari-

tematic shift of leading edge position withshows an anisotropic  SON 10 &,2_y2 gap, which would be a straight line on this plot. The
energy gap. “dirty d-wave” scenario predicts flattening near the origin.

(=1 meV). The data agree reasonably well with the strong

Data from BSCCO are more difficult to interpret than dataanisotropy of thed-wave gap, but in some cases the mea-
from conventional materials since the EDC line shapes arsured values show a flattening near theave node position
broad and are not currently well understood. The sample§.e., the origin in Fig. 2 One explanation is the “dirty
that are more strongly underdoped have even broader fea-wave” scenarié®*® where impurity scattering broadens
tures, especially in the vicinity of7,0) in the normal state. the point node into a region of finite width. Systematic im-
In order to avoid the ambiguities of picking a particular spec-purity doping studies using ARPES would be useful to
tral function and background to fit the line shapes, we insteadlarify this point. Another contribution to the flattening is
characterize the gap using the midpoint energy of the leadinfjnite k resolution combined with the strong energy disper-
edge (the edge nearedfr or 0 in Fig. ) as in previous sion in the node directiofY.
work.” As in optimally doped BSCC® gap values below The superconductin@.3 K) and normal stat€75 K) lead-
T. from leading edge shifts were found to be somewhaing edge shift vk curves for theT.=46 K sample agree
smaller than those extracted from fits to a broadened BCS8ery well, suggesting the two gaps are intimately related. In
spectral function; however, we stress that the trends in outhe T,=78 K sample, the anisotropy of the gap is similar
data are insensitive to the specific method of characterizingbove and belowl ., but the magnitude shows a marked
the gap. reduction at 100 and 150 K. These observations raise two

The fivek-space positions show(rig. 1 insef were cho-  questions: Does the gap change continuously thrayghand
sen by taking five cuts in the Brillouin zone and selecting does the gap close at some higher temperature? To clarify
so that the leading edge is closest in energiddi.e., onthe these issues, more detailed temperature-dependence mea-
underlying F$. It is evident that the leading edge positions surements are shown in Fig. 3. The leading edge midpoint
change monotonically with angle, and that the superconducenergies on the FS for the maximufalong (7,0) to
ing and normal state leading edge positions are quite similaf.z,7) ] and minimum gapalong(0,0) to (7,7)] are plotted
Characteristic narrow peaks appear in the superconductingr an underdoped single-crystal sample with=85 K.
state nearEr. They are especially clear away from the Measuring the temperature dependence of the gap with
(0.441,0.47) Fermi surface crossing. The observation of theARPES requires caution because thermal broadening and
narrow peaks indicates that the broad normal state lineshap@e-shape changes may affect the leading edge positions. To
is intrinsic to the doping level and not primarily the effect of partially cancel these effects, we take the gap to be the dif-
disorder or impurity scattering, since the scattering wouldference between the leading edge midpoints at the two
also be expected to broaden the features bdlpwAlso, we  k-space positionéhe leading edge shjftThis gives a gap of
note a strong and systematic increase in the low-temperatu@8+2 meV (~20% larger than a thin film of the sanig)
height of the peaks with doping in the underdoped regime. that changes smoothly above and bel®w supporting the

The leading edge midpoints of the EDC’s of Fig. 1 areidea of a single gap function evolving with temperature. The
plotted vs 0.5coskxa—coskya| in Fig. 2. On this plot the gap becomes consistent with zero around 225 K.
d,2_y2 gap prediction is a straight line that passes through Next, we focus on the superconducting state gapas a
the origin. The error bars are a combination of uncertainty irfunction of T, (Fig. 4), using the maximum difference be-
the leading edge midpoint position and uncertaintyEia ~ tween the leading edge midpoints on the underlying FS. For
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N — exan_1p|e, A{0)=2.1KT, for a wealf—coupling d%z_yz
< ol BSCCO, T, - 85 K b soll_JtloriLB]. InsteadA ¢ stays constant or increases slightly as
o L —o— (1,0) to () cut | T, is reduced.
= 20r —0—(0,0) to (mm) cut | ] For comparison with phase diagrams, Fig. 4 shdwsvs
g 15} . doping & (hole concentration per planar Céor the same
E 10 F ] underdoped samples, with eath converted tod using the
$ . ] empirical relation T¢/T¢ ma—=1—82.6(5—0.16.* Once
° : 1 again, the predicted BCS weak-couplirywave result,
g 0 YE@ """"""""""""""""""""""""""" ] Ag=2.1&KT, (Fig. 4 dashed line shows no resemblance to
8 5F - the observed doping dependence. By contrastT asle-
qolom v v e T o T ] creases on the overdoped side, the gap falls raffidbl-
0 50 100 150 200 250 though it may not be in quantitative agreement with the

mean-field calculation because of thd hocleading edge
_ ~_ midpoint criterion for the gap The failure of the mean-field
FIG. 3. The temperature dependence of leading edge m'dpo'mﬁﬁeory prediction forA . as a function ofT, (or doping in

for spectra taken at FS crossings nearq2m) and(0.4m,0.4m) of 4o underdoped regime is our main result; it indicates the
an underdoped BSCCO single crystal. The difference between th s
. and T represent two distinct energy scales for under-

two represents an energy gap that decreases continuously from
+2 at 25 K to near zero at 225 K. doped BSCCO. . L
The non-mean-field .. vs T, behavior is naturally related

go the similarity of A above and belowl; in models with
phase fluctuations in the complex superconducting state or-
der parametet-??Paired electrons, and therefore a gap, exist
below a mean-field temperatuiig,: that is proportional to

A. The zero-resistancg; is the temperature at which long-
range phase coherence is establishBgk and T, are the
ame in BCS theory since fluctuations are not considered,
ut T, may be lower thafT e in underdoped cuprates where
the phase stiffness is expected to be small. Photoemission is
insensitive to phase, so it measures a gap bélgw. The

— T phase stiffness is proportional to the superfluid density

these measurements, this “internally referenced” gap show
the same trend as the leading edge midpoint nead)((the
d-wave gap maximumvs T. since the FS crossing near
(0.477,0.4r) shows a gap consistent with zero. The nine
samples measured fall into thrde groupings(all under-
doped representing three thin-film crystal growth and an-
nealing runs. In spite of substantial error bars, it is clear thag
the familiar BCS mean-field result d&f < T, is violated[for

sor ] Thus if the phase stiffness energy scale instead of the gap
s 25 g ] determinesT,, then T, should decrease as the doping is
2 20 § _Q‘, lowered, quite apart from any changesAnand Ty, in
T — = 15 2'14”0,,_— SO agreement with the data of Fig. 4. In this modeis deter-
30 - S0 -7 ] mined by the same pairing interaction in the superconducting
i 5 [ underdoped Dy-BSCCO ] and normal states. Muon spin relaxationR) measure-
25 - T ments support the idea that is determined byg. A “uni-
I 40 50 60 70 80 90 versal curve” withT=n, from «SR has been reported for a

20 T (K): large number of underdoped cuprate superconduétors.

15 i § """ % Also, magnetoresistance measurements of 60 K Y-Ba-Cu-O

Ay (MeV)

(underdopegshow a Lorentz-force independent contribution

10 | , 4 persisting to 200 K(Ref. 24 that may be consistent with
A P . phase fluctuations in the order parameter.
5| //2.14ch Bi,Sr,Cay Dy, CusOg,5 - Various extensions to Anderson’s original resonating va-
K T=13K ] lence bondRVB) ide&® give a possible microscopic justifi-
oLt . . L cation in terms of spin-charge separation for the phase fluc-
0.05 0.10 0.15 0.20

tuation model, including the two energy scaldsT{ and

A) and a distinct pseudogap regife° Spin-charge sepa-
ration provides a means of producing pairing of excitations
without superconductivity. The fermionic spin excitations

hole concentration, &

FIG. 4. Inset: The superconducting state gap from leading

edge shifts measured at 13 K on,Br,Ca; _,Dy,Cu,Og, s plotted . L . i
vs T.. The nine samples measured came from three growth an pinong pair into singlets at a temperafuig>Tg for un

annealing runs, and therefore fall into thifEggroups. The dashed grdoped cuprates, wheTg is proportional o the .gad'—s IS

line is the standard BCS mean-fietiwave prediction(Ref. 17 ~ Similar to Ty and may represent a crossover instead of a
with A=2.14T,, shown to highlight the non-mean-field trend of {'U€ phase transition. Alsd,; decreases with increasirgin

the data. Main panelAg, vs doping &, with & inferred from  agreement with the trend of the upper line in Fig. 4. The
Te/Te max (Ref. 19. The energy scale frori, (2.14&T,, dashed Pairing was predicted to be-wave, another area of agree-
line) shows very different behavior from the linear fit to the.data ~ Ment with the data. Because of the apparent flattening of the
points(straight ling from underdoped samples. By contrast, the gapnormal state gap near titewave node positioriFig. 2), the
values for overdoped sampléRef. 20 decrease in the conven- data could also be consistent with recent work predicting the
tional way. pseudogap regime to be a mixturedivave spinon pairing
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and pockets of spinon F&.In either case, the charge exci- state gapseen by a variety of experimental probes in under-
tations (holong Bose condense af., so once againm, doped cuprate superconductors. As measured by ARPES, the
«ng, the two-dimensional Bose condensation restjt.is normal state gap is highly anisotropic, and it is similar in
also the temperature at which phase coherence between tA@gnitude andck dependence to the superconducting state
singlet pairs appears. These models are in agreement with ti§&P, supporting the idea of a common underlying pairing
ARPES data in the doping dependence of the gap, and in tHBteraction.
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