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The relationship between the superconducting energy gap and the critical tempé&tatoréigh-
T, superconductors is discussed. By examining carefully some of the most recent low temperature
data of penetration depth, angle resolved photoemission, and tunneling spectroscopy measurements, we
conclude that the gap amplitude at tHewave nodes scales with.. This scaling behavior holds
independent of carrier concentration although in the underdoped regime the maximum gap does not
scale withT,. [S0031-9007(98)07106-3]

PACS numbers: 74.20.Fg, 74.72.—h

High-T. superconductors (HTS) are layered materials inwith T. [Fig. 1(a)] [3,6,7,9,10]. These results were ob-
which the superconducting pairing is believed to occur intained by the low field ac-susceptibility technique. If we
the CuQ planes. It has now been established that the highdse the standard BCS result for the low temperaiyp€T’)

T. superconducting pairing hag._,.-wave symmetry, of ad-wave superconductor [11],

namely, the gap parameter A2,(0) 2In2)T
a ~ _ , 2
Ap = Ao(¢)cos2¢ (1) Aap(T) Ao ()

resembles a four leaf clover with nodes and a change ito fit the experimental data shown in Fig. 1(a), we find that

sign every 45[1]. (Another commonly used expression A, also scales approximately with. [Fig. 1(b)]. Values

for the d,-—,> gap function with nearest neighbor pairing of A, for optimally doped BiSr,CaCuOs.s [4,5] and

on a lattice system i&; = A(¢)(cosk, — cosk,)/2.)  Tl,BaCuG:s [8], deduced from the experimental data

Here ¢ is the angle between the momenturaf the paired  of A, (T) measured by the microwave technique are also

electrons and the horizontal axis of a Guflane, i.e.¢» =  included in Fig. 1(b). Ay/T. for YBa,Cw;O7—5 (YBCO)

arctarik, /k,), andAo(¢) (>0) is the superconducting gap estimated from thez-axis penetration depth data [12]

amplitude. In most theoretical and experimental analysesieasured by the University of British Columbia group

of the properties ofd-wave superconductorddg(¢) is is about 3, which is slightly higher than but within the

assumed to be independent and generally denoted\gs  error bars of the corresponding data shown in Fig. 1(b).
In the mean-field Bardeen-Cooper-Schrieffer (BCS)Equation (2) is obtained by assuming the gap amplitude

theory ford-wave superconductord is proportional to is ¢ independent. [fAy is ¢ dependent, ther\, in

T.. This scaling behavior of\;, with T. has been used Eq. (2) should be replaced bg((7/4), since at low

to explain satisfactorily many of the physical properties oftemperatures only low energy excitations around the gap

HTS. However, some recent experiments seem to showodes contribute to the linedr term in Eq. (2). Thus

that this mean-field BCS result is strongly violated, par-strictly speaking it is\o(7/4) which scales approximately

ticularly in underdoped cuprates. This violation imposeswith T..

serious constraints to the theory of higih-superconduc- The error in A, arises entirely from the uncertainty
tivity and is worth examining very carefully before a con- in determininga,;,(0) since the error in the temperature
clusion can be drawn. dependence of the measuragd,(7) from both the ac-

Since the discovery of HTS various experimental tech-susceptibility and the microwave techniques is very small.
niques have been employed to investigate the physicalhe maximum possible error fox,,(0) obtained by ac-
properties of the superconducting energy gap in these mausceptibility measurements is estimated to H20%
terials. One of these is the magnetic penetration deptf6,7] which in turn yields approximately &20% error
measurement. The temperature dependence of the pene-Ay,. The microwave technique cannot measugg(0)
tration depth is determined by the thermal excitations ofdirectly. The values of;(0) used for BiSrCaCuOs- 5
unpaired electrons. The presence of a linear term in thand ThBaCuQ,+s are determined by muon spin relaxa-
low temperature in-plane penetration depth,, of clean tion (uSR) measurements for corresponding polycrys-
HTS has now been established [2—10] and was actualltalline samples with similaf’. [4,5,8,13]. In this case
one of the earliest pieces of evidence for thevave sym- it is difficult to estimate the error in,,(0) since differ-
metry of A,. Recently we have found that the normalizedent samples are used in the microwave as8R experi-
superfluid densityA,,(0)/ A4 (T)]* scales approximately ments. The error bars af, for the BLS»LCaCuOs s
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ever, this scenario cannot account for the experimental re-
sults of overdoped La ,Sr,CuQ, (x = 0.20,0.22,0.24)
[10,15] and optimally doped YB&u;0,—5 [3], which do

not follow the Uemura relation.

The superconducting energy gap has also been ex-
tensively investigated by angle-resolved photoemission
(ARPES) [16—20] and tunneling spectroscopy [21] mea-
surements. ARPES can in principle measure the gap
value at any momentum point on the Brillouin zone and
determine directly the variation of the energy gap on the
whole Fermi surface. However, the superconducting gap
usually cited in the literature referring to ARPES data
is the maximum energy gap, that is, the gap¢at= 0
or 7/2. In tunneling experiments, the gap value is phe-
nomenologically defined as the half distance between the
conductance peaks. The gap such obtained is not nec-
essarily the same a4, around the node$¢p = 7/4).

[ Both spectroscopic techniques show that for overdoped
300l 4 HTS the measured gap is approximately proportional to
- T., consistent with the penetration depth data. However,
in the underdoped region the measured gap is found to
78O, 4 be greater than that determined by penetration depth and
Bi2212 1 seems to increase (whilg. falls) with decreasing carrier
T concentration in contrast to the standard BCS result.
i In addition to the superconducting energy gap, ARPES,
tunneling as well as many other measurements have also
found the presence of a normal state gapin the spin and
: . charge excitation spectrum at temperatures much higher
0 40 30 120 thanT,.. This normal state gap has pronounced effects on
T (K) the normal state transport and thermodynamic properties
c of HTS [22]. In the phase fluctuation [23] and some
FIG. 1. (a) Normalized superfluid density 1 — other theories [24]Ay is interpreted as the precursor of
[Aas(0)/ Agy (T)]? as a function off /T, for HgB&CaCus O 5 the superconducting gap, namely, the binding energy of
(Hg-1223, open diamonds) [6], HgBauQ,.s (Hg-1201, tri-  preformed superconducting pairs in the normal state.
angles) [6], YBaCwO; (YBCO;, closed circles) [3.91 ° tne discrepancy in the values af between the pene-
YBCOg; (open circles) [9], YBCQ®s; (squares) [9], . .
La,_,Sr.CuQ, (214) [xr = 0.2 (crosses), 0.22 (closed dia- tration depth and the ARPES_ and tu_nnellng measurements
monds), and 0.24 (crossed squares)] [10]. (b) The gapndicates that the gap amplitud®, in the d-wave gap
amplitude A, [or strictly speakingAq(7/4)] as a function function is not simply a constant but instead strongly
of T. for all the materials depicted in panel (a), and for two dependent. Hence the energy gap determined by ARPES

Bi,Sn,CaCuyOg4+s (Bi-2212) [4,5] and one TBaCuQy.s . . .
(TI-2201) samples [8]. The value o, for the s-wave and tunneling measurements (or strictly speaking, the gap

superconductor BaK,4BiOs (BKBO) [7] is included for Values which are generally used for demonstrating the
comparison. The solid line is the standard BCS result forfailure of the BCS scaling law oA, with T.) is the gap
a d-wave superconductor withAg = 2.14T,. Hg-1223, maximum which is different frondq(7 /4) determined by
Hg-1201, YBCQ, Bi-2212, and TI-2201 are almost optimally |ow temperature penetration depth measurements. We be-
doped. YBCQ; and YBCQ; are underdoped, and all three jio6 it is the interplay between the superconducting gap
214 samples are overdoped. . S .
and its normal state partner which is responsible for the
unconventionalp dependence ak,.
and ThB&CuGOs. s data shown in Fig. 1(b) are obtained The above explanation is in fact consistent with recent
based on the assumption that the error Ag5(0) is as ARPES measurements [20] which show that in under-
high as*=50% [13]. doped HTS,Ay develops first around = 0 or 7 /2 at
If only the data for the underdoped materials are considhigh temperatures and then spreads towardsdtivave
ered, the scaling behavior pk,;(0)/Aw, (T)]? with T/T.  gap nodesp = /4 as the temperature decreases. This
in Fig. 1(a) can be understood also from the linear temimplies that the physical effect responsible faf, has
perature behavior oi,,(T) combined with the empirical stronger influence or\((0) and Ay(7r/2) but weaker on
Uemura relationn,(0) o« T,, where ny(0) = [1/A,(0)>  Ag(a/4). In other words, if we assume that the quasipar-
is the zero-temperature superfluid density [14,15]. Howtdicle excitations around the gap nodes are still governed by
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the mean-field BCS theord(7/4)/T. should be weakly sensitive to doping. This is in contrastAg(¢)/T, near
doping dependent even though(0)/7T. andAy(/2)/T. ¢ = /4 which is smaller and seems to be insensitive
are strongly doping dependent. This in fact explains quitéo doping. Of course considering the large error bars in
naturally why in overdoped HTS, whetky is small if the ARPES data neat/4 one cannot draw conclusions
not completely absent, the superconducting gap obtainesgarding the absolute value and the scaling\gf near
by ARPES and tunneling spectroscopy is approximatelyp = /4, with T,.. Nevertheless, on the basis of the ex-
proportional toT.,. isting ARPES data and associated experimental errors it
To test our model we have reexamined the low enis reasonable to say that,/7. is a function of¢ and
ergy data of ARPES [16-19] and tunneling [21] ex- Ao(7/4)/T. < 4. More ARPES measurements around
periments and found that the existing data do supporthe gap nodes are needed for a more accurate determi-
our picture. We have calculatefly(¢) from the pub- nation ofAy(7/4)/T..
lished ARPES data of\; according to Eq. (1) o\, = Further evidence for the scaling behavior of the super-
Ao(¢) (cosk, — cosk,)/2, which has been used to de- conducting energy gap witlh. comes from the low en-
scribe the ARPES data of several HTS [16—19]. Theergy data of recent tunneling spectroscopy measurements
results of Ag(¢), after being normalized by., as a for Bi,SrCaCuOs+s [21]. From Fig. 1 of Ref. [21], it
function of co¢ or (cosk, — cosk,)/2 are shown in can be seen that the slope of the low energy normalized
Fig. 2. Only the error bars of\y(¢)/T, for the opti- differential tunneling conductancél/dV [which for a
mally doped BiSr,CaCuyOg4 s data are shown for clarity. cleand-wave superconductor is inversely proportional to
As ¢ moves towards the gap node, @as decreases and Ay(7r/4)] decreases with increasing., for both under-
the error bars ofA¢(¢)/T. increase. For other data the doped and overdoped samples. This striking correlation
magnitude of the error bars is similar. We note that for
optimally doped BiSrCaCuyOg+s the value ofAg(¢)
betweeng < 7 /4 and ¢ > /4 is not perfectly sym-
metric probably due to experimental errors. (For the other
compounds depicted in Fig. 2 only data f6r< 7 /4 are
available.) Even with the large error bars associated with
Ao(¢)/T. near ¢ = /4, there is a clear tendency for
Ay/T,, particularly for the underdoped samples, to de-
crease as we approach the gap node. As@®)/T., the
value usually quoted in the literature as evidence against
the scaling ofA, with T, is significantly larger and very
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FIG. 2. ARPES data ofAo(¢)/T. as a function of co®¢ 0.0 : ! : ' : . .
or (cosk, — cosk,)/2 for optimally doped BiS»CaCuOs, s -2 -1 0 1 2
(open circles and square$, = 87 K) [18], optimally doped Vsample/ T ¢
BirSr ¢5Lag3sCuQy+s (diamonds, T. = 29 K) [17], under-
doped BiSCa-,Dy,Cw0s.5 (triangles, 7. = 78 K) [16], FIG. 3. (&) Normalized tunneling conductance versus

and heavily underdoped BBr,Ca ,Dy,C,Os:5 (closed  Vgmpie/T, for four Bi,SL,CaCuOs s Single crystals measured
circles, T, = 46 K) [16]. All data, except those shown as at 4.2 K [21]: circles {. = 74.3 K; overdoped), squares
circles, were obtained from the leading edge midpoint shift7, = 56 K; overdoped), triangles7{ = 83 K; underdoped),
from the Fermi energy. Open circles are for the same datand diamondsZ(. = 92.2 K; optimally doped). The solid lines
depicted with squares but obtained from a theoretical fit asre drawn as guides to the eye. (b) Low energy region of the
discussed in Ref. [18]. Error bars are those given in Ref. [18]data shown in panel (a).
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