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Density of states and the energy gap in superconducting cuprates
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The superconducting density of states for the cuprates, particularly for the Y-Ba-Cu-O compound, has been
evaluated, and its dependence on temperature and the oxygen content has been analyzed. The analysis is based
on the two-gap model. Moreover, the magnetic scattering and corresponding pair-breaking effect, correlated
with the oxygen depletion, is taken into account as a key factor. The temperature dependencies of the energy
gaps are calculated. Intensive magnetic scattering leads to gaplessness. The calculation allows us to describe
various experimental datgS0163-182807)01237-X]

Many fundamental properties of a superconductor are deandi=«,8. As a resultN(w) contains two peaks, and this
termined by its density of staté®OS), Ng. One such prop- feature is referred to as a “two-gap” spectrum, though
erty is the existence of the energy gap, which corresponds tstrictly speaking the presence of two peaks in the DOS does
the region whereNg=0. Calculations of transport, optical, not exclude gaplessness, which is the situation wikén)
and thermodynamic properties require knowledg®&lghis a  has a tail down tav=0 (see below and Ref.)1
function of energy. The goal of this paper is to present cal- The two-gap modélhas two important features. First, the
culations of the density of states for the high-oxides, pri- pairing in the planes is intrinsic, whereas the superconduct-
marily the Y-Ba-Cu-O(YBCO) compound. The calculation ing state in the chains is induced by charge trangéeg.,
is based on the model developed by two oft wshich has  “intrinsic” proximity effect, see Ref. 1. Second, the struc-
been used to evaluate the penetration depth in Tigh- ture of the density of states, and correspondingly, the energy
materials> The basic principles of the model will be de- spectrum, is very sensitive to the oxygen content. Oxygen
scribed, then the evaluation of the DOS will be presenteddepletion leads to formation of magnetic moments on the
The results of the calculation are compared to available datahains(uncompensated Gtiions), and the presence of these

Different measurements of the DOS in various cupratesnoments causes pair breaking. It is interesting that, unlike
seem contradictory from the point of view of any single the-the conventional picture of pair breakifdhe appearance of
oretical picture. For some cuprates, {LaSr,CuQ,® the magnetic moments on the chain side leads to gaplessness
Nd; g<Cep 1£CuO,,* and Hg-based compourtls the mea- without a depression iff.
surements indicate a finite energy gap. At the same time, the The equations for the order parameter have the férm
data on YBCO(Ref. 6 and BSSCO(Ref. 7 compounds the thermodynamic Green’s function representation
show gapless structure in the data. In some cases, the shape " A (o)
of the DOS appears to be sample dependent for the same . . ol Wy
material® Based on the results shown here, an explanation is A“(""”)Z“('w”):)‘“WTn,gx Don — @
presented that can account for the data in different cuprates - "

in a consistent manner. il Ap(iwnr)
The major features of the model will be described here, AT > Do TKF

while a more detailed presentation can be found in Ref. 1. n'=-e n’

The YBCO compound contains two superconducting sub- Aglion)

systems: CuO plane&) and chaing8). Correspondingly, +1 g —KF (2

there are two order parameters,and A4. In accordance n

with this, the total density of states is the sum of contribu- % A (iwn)

tionsN,(w) andNg(w), where Agion)Zgion)=\g,mT > Dy ——

n'=-ow n’
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Here, K\ =[w2+AZ(iwy)]"Y? (i=a,B), Tjc are equal to i
| Ti|?Ny whereT;, is the tunneling matrix element that de-
scribes the “intrinsic” proximity effect,\ , is the in-plane P A S T R S
coupling constant describing the pairing in the CuO plane, 60 40 20 0 20 40 60

Ao @ndA g, are the off-diagonal coupling constani,, =

Q%[ O%+(w,—w,)?] is the phonon Green's function, Energy (meV)

E“,(' @n) andZB(l w_”) _are the renormalization functions, and FIG. 1. Temperature dependence of the density of states for the

(1 is the characteristic phonon frequency. The values of thgigichiometric YBCO compound’y,=0).

parameters are not all independent, singg=p\,z—1and

Ig,=pl'ys—1 where p=N,mg/Ngm,. The last term in energy gaps depend only weakly on temperature over the

Eq. (4) describes the magnetic scattering in the chains, andntire temperature region except in a small interval figar

I'y is the amplitude of magnetic scatteridgy,<ny , where At the same time, the derivativée/ 5T is much larger than

ny is the concentration of magnetic impuritieS,, is di-  in the BCS theory neaf=T,.

rectly related to the oxygen content. One should note that we are calculating the quantity
Based on Egq92)—(5), the temperature dependence of theN;(w) which is defined as the “superconducting” density of

DOS has been calculated. The values of the parameters ussthtes/Eq. (1)]. This quantity contains the order parameter

are the same as in Ref. 2, the selection of which were basaghich depends on temperature through the occupation num-

on the analysis of various experimental data. The parametetzers[these numbers appear explicitly in the equations which

used in the calculation for YBCO ame,=3.0,\,5=0.24,  are the analytical continuation of Eq2)—(5)]. An increase

Ago=0.17," ,5=90,T g, =64, and(2=385, though the pic- in T leads to a decrease in the amplitude of the real part of

ture is qualitatively similar for different sets of the param- Aj(w) and to broadening caused by the imaginary (see,

eters. The effect of oxygen depletion on the DOS has alse.g., Ref. 11 and the review in Ref.)12

been calculated. The effect is the same as an increase in the

magnetic impurity concentration, that is, an increase€ jp, R LI B R B

sincel’yocny, . .
The calculations were performed in two ways. The first 3

method is to solve the equations which are the analytica

continuation of Eqs(2)—(5). The second method involves 25 [

solving directly Eqs(2)—(5), then performing analytical con- :

tinuation of the solution, a method first developed in Ref. 10. s [

Both methods gave identical results. i
The density of states for the stoichiometric YBCO com- o ,

pound and its temperature dependence is shown in Fig. 1. IS

the absence of magnetic impurities, there is a region at lov

energiesthe energy gapwithin which the density of states

is zero. The value of the smaller gap, which is the excitatior

edge, practically coincides with the position of the lower

energy peak. The larger gag, , is associated with a higher r large gap 1

energy peak due to the planes. If we associate, by analog or — — -bes gap p

with the usual BCS definition, the energy gaps with the po- - ]

sitions of the peaks in the DOS, the values of the energy gay 05 ———t——— o o T Lo

atT=0 K appear to be,=3T;, andez=0.8T.. The tem- Y 0.2 0.4 0.6 0.8 1 1.2

perature dependences of the gaps are plotted in Fig. 2. The T/T,

dependences are drastically different from that of ordinary

superconductor@he dependence from BCS theory is plotted  FIG. 2. Temperature dependence of the energy gaps compared

for comparisoin Unlike conventional superconductors, the to BCS.
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FIG. 3. Density of states for different values of the magnetic FIG. 5. Calculated density of states compared with date
scattering parameters. Ref. 6.

YbBCO sample are also shown, which more clearly shows
the two peaks. Based on the analysis presented above, we
?onclude that the YbBCO sample in Re}. 6 in a gapless
o ! g : State, caused by oxygen deficiency. Compared to the calcu-
DOS(atT=0 K). is shown in Fig. 3. An increase iy Iea_ds lation, the peak corresponding to the second gap is spread
to a decrease in the energy range where the DOS is zerg;; "Thjs is probably due to either anisotropy of the gaps,
though the peaks keep their positions.IA§~T¢ (this cor-  \hich was not part of the calculation, or it is due to inhomo-
responds to the criteriohy ~eg, see Ref. ], the DOS has  geneity of the sample. Note that the shoulder structure due to
a tail down tow=0, so the superconductor is in a gaplessthe presence of two gaps is also seen in other tunneling
state. The temperature dependence of the DOS in the gapleggig1314
superconductof I'y=100) is shown in Fig. 4. _ Other measurements indicate that fully oxygenated
For comparison to the calculated_curves, _tunnellng datygco samplegthose with an especially highi,>92) are
from YBCO (Ref. § are shown in Fig. 5. Evidence for a not gapless®'® Exponential behavior has been observed in
two-gap structure can be seen in the data. Data from ghe temperature dependence of both the penetration depth
and the surface resistance. The measured exponent in both

Oxygen depletion leads to an increase in magnetic impu
rity scattering(see Ref. 1 and discussion abgvand this
affects the shape of the DOS. The calculated evolution o

W cases is small, corresponding to the smaller gap,
[ ] ~0.8T., of the chains. We think that the sample-dependent
14 ] DOS in YBCO is directly related to magnetic scattering,
[ ] which, in turn, depends on the oxygen content. The authors
12 1 in Ref. 16 note that as the sample ages, the surface resistance
® 1 increases and no longer displays an exponential temperature
2 4| . dependence. According to Ref. 16, this directly correlates
‘% ] with the loss of oxygen. This observation supports our ap-
%S 08 [ ] proach, indicating that oxygen loss leads to gaplessness in
> [ ] the sample.
@ o6 b 1 Specific-heat data on YBC(Ref. 17 is also consistent
S 06 . i :
3 ] with the density of states presented here. For highly oxygen-
oa b ] ated samples, these measurements show a large specific-heat
! ] jump. As oxygen is removed, the specific-heat jump dimin-
[ ishes.
02 ] In this paper, we have focused on the YBCO compound
[ ] and its density of states as a function of temperature and
0 e doping level. The presence of oxygen vacancies, especially
-60 -40 -20 0 20 40 60 on the chains, leads to the formation of magnetic moments.

Energy (meV) The properties of other cuprates will be described in detail

elsewhere. However, several qualitative remarks can be

FIG. 4. Temperature dependence of the density of states fomade. The Bi-, Tl-, and Hg-based compounds also have a
gapless YBCQTI',=100). reservoir level, but they do not have a well-developed chain
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structure with a large density of states. In addition, thesand to the formation of the second small gape Ref. 21
compounds, unlike YBCO, can be readily overdoped. ItThe dependence of the density of states on temperature and
seems that overdoping leads to magnetic scattering directifoping level is qualitatively similar to that in YBCCsee

in the CuO planes. As a result, one can observe pair-breakingbove, but quantitatively is different since magnetic scatter-
effects and eventually gaplessness. These phenomena a#g in the CuO planes leads to gapless behavior in the CuO
clearly evident inuSR;'® heat capacity; and penetration planes.

depttf® data, but in these cases, a sharp decreatgimalso In summary, the density of states in oxide superconduct-
observed. This decrease T is due to the impact of pair g has been calculated using a two-band model. The calcu-
breaking directly on the CuO planes. The magnetic momentgyiions particular to the YBCO compound demonstrate the
are located on the Ba-O layerO™ ions, see Ref. 21 The  gengsitivity of the DOS to magnetic impurity scattering in the
formation of magnetic clusters in the CuO planes is alsGnain pand. The magnetic scattering in a second band, which
possible’ Note that a relatively high value of; in the s closely related to the oxygen content, can explain the gap-

Hg-based compound is due to a relatively small 0xygen Coness hehavior observed in oxide superconductors.
tent in the reservoir layer and to a large distance between the

apical oxygen and the CuO plarfésOverdoping also leads The work of V.Z.K. was supported by the U.S. Office of
to an increase in the density of states in the reservoir layelaval Research under Contract No. NO0014-96-F0006.
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